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AUVE, orchid, vermilion, the infinite varieties 


of gray and white—all these yield their secrets 
to a measuring instrument invented by Prof. A. C. 
Hardy of M.I.T. and developed for commercial 
application by General Electric measurement engi- 
neers. Manufacturers of colored inks, of paper, of 
paints, and of textiles can trust the colors if the color 
values are checked by the recording photoelectric 
spectrophotometer—the instrument that analyzes 


color and writes an exact color analysis. 


Color is but one of many fields to which General 
Electric engineers have brought the science of accu- 
instruments 


rate measurement. General Electric 
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measure sound, light, vibration, even the power of 
lightning. For electric measurement, there are instru- 
ments to measure current, voltage, resistance, watts, 
frequency, power-factor—dozens of standard styles, 


indicating and recording, in ratings to fill every need. 


For almost 50 years General Electric has been a 
leader in the design and manufacture of electric in- 
struments. Its engineers bring to measurement the 
experience gained in every field of electrical endeavor. 
If you have a problem that involves the measurement 
of any quantity, remember that General Electric is 
HEADQUARTERS FOR ELECTRICAL MEASURE- 
MENT. General Electric, Schenectady, N. Y. 
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High Lights 


Synchronous Machines. Synchronous ma- 
chines are analyzed in 3 papers in this issue. 
In the first, synchronous-machine theory 
has been extended to include the effect of 
armature-circuit capacitance in the general 
equations for the performance of a salient- 
pole machine (pages 41-8). The second 
paper presents an extension of the 2-reac- 
tion theory of synchronous machines (pages 
27-31). The third paper presents a mathe- 
matical analysis of the synchronous ma- 
chine from the point of view of field-distri- 
bution theory, a departure from the usual 
method of considering machine performance 
by means of circuit theory (pages 49-58). 


Lightning Investigations. Lightning  in- 
vestigations on power systems are reported 
in 2 papers in this issue. One shows that 
lightning protection for low-voltage lines, 
particularly wood-pole lines, may be ob- 
tained at low cost by using lightning-pro- 
tector tubes on one phase of a 3-phase cir- 
cuit, the conductor so equipped becoming a 
shielding conductor for the others (pages 
13-16), The second paper reports the 
results obtained during 1935 and 1936 in an 
investigation that has been carried on over 
a period of several years on certain lines 
(pages 101-06). 


Watt-Hour Meters. Watt-hour meters 
form the subject of 2 papers in this issue. 
One discusses meter bearings; sapphire 
jewels and cobalt-tungsten pivots have been 
found superior in tests on a number of ma- 
terials. Lubrication is recommended for 
bearings of the pivot type, but not for the 
ball type (pages 129-37). In the second 
paper, factors affecting the performance of 
watt-hour meters, and their influence in the 
design of a new type of meter, are described 
(pages 172-9). 


Suspension-Insulator Characteristics. Sus- 
pension-insulator units have electrical char- 
acteristics that vary with time, humidity, 
and stress. Moisture and corona have been 
found to produce deposits that affect the 
surface resistance and cause a hysteresis 
effect in the characteristics. Temperature 
affects the characteristics indirectly, in that 
absolute humidity of air is a function of 
temperature (pages 59-66). 


Winter Convention. Final arrangements 
for the Institute’s 19387 winter convention 
to be held in New York, N. Y., January 25- 
29, are being completed. The convention 
will mark the resumption of a 5-day winter 
convention schedule, and will include the 
usual social and entertainment features and 
inspection trips, in addition to the 13 
technical sessions scheduled (pages 190-2). 


Inductive Co-ordination. A study of in- 
ductive co-ordination of common-neutral 
power-distribution systems and telephone 
circuits, conducted jointly by power and 
communication engineers, has led to some 
important conclusions concerning this 
problem. It is believed that where power 
and telephone people view the matter asa 
mutual responsibility and fully co-operate, 
adequate over-all co-ordination readily can 
be secured (pages 17-26). 


Pole Flexibility. Flexibility of poles may 
be of importance under certain conditions in 
the design of an overhead line, although 
poles ordinarily are considered rigid. A 
paper in this issue describes the general 
method of attacking the problem of pole 
flexure, and solutions are given in detail. 
Simpler rules for use in the field also are 
mentioned (pages 91-100). 


Reclosure of Lines. Reclosure of circuit 
breakers on high-voltage transmission lines 
with the maximum speed that physical phe- 
nomena will permit makes possible a high 
degree of service continuity from a single 
transmission line. A complete operation in 
approximately 20 cycles on a 60-cycle sys- 
tem is said to effect a material reduction in 
outages caused by lightning (pages 81-90). 


Overhead Distribution. Secondary distri- 
bution by overhead conductors and trans- 
formers has been studied by 5 companies 
from an economic standpoint, and a com- 
parison of the results of these studies indi- 
cates that the progressive method of distri- 
bution design, which provides additions 
rather than replacements, is the most 
economical (pages 114-22). 


Brush Wear. Results of investigations of 
the wear of electrical brushes are presented 
in 2 papers in this issue. In one, abrasion is 
shown to be an important factor in brush 
wear (pages 8-12). The other shows that 
wear of both rings and brushes can be 
reduced by operating them in an oxygen- 
free gas (pages 132-8). 


Expansion Theorems. Solutions for the 
current-electromotive force relations of net- 
works such as filters and artificial lines, 
which lead to difference equations, may be 
given in the form of expansion theorems 
similar to Heaviside’s expansion theorem 
and its extensions by the application of Lap- 
lace transformations (pages 153-8). 


Service Restorer. Automatic service re- 
storers for high-capacity transmission and 
distribution systems have been improved 
greatly during the last few years, but the 
need for such equipment on systems of 
lower capacity has necessitated the de- 
velopment of a new type of unit (pages 
180-2). 


Transformers are discussed 
The first outlines 


Transformers. 
in 2 papers in this issue. 
certain proposed changes in the AIEE 
transformer standards (pages 32-6). The 
second paper presents the results of a series 
of dielectric tests on transformer oil and 
solid insulation (pages 164-71). 


Impulse Generator Charts. Comparison of 
the voltage waves of impulse generators for 
commercial testing on the basis of the con- 
stants of the generator circuit as well as 
wave shape is suggested in a paper in this 
issue; charts for selecting circuit constants 
are included (pages 183-8). 


Directional Relay. A relay of the poly- 
phase directional type having only a single 
element has been developed by the use of 
multiple poles. Reducing the number of 
elements has reduced the size and weight of 
the relay, and has resulted in low inertia 
and high speed (pages 77-80). 


Sealed-Off Ignitrons. Ignitrons offer a 
means of control for resistance welding by 
their ability to supply very large currents 
for fractions of acycle. Principles of design 
and manufacturing technique for both glass 
and metal tubes of the sealed-off type are 
discussed in this issue (pages 37-40). 


Spark-Over of Gaps. Spark-over of sphere 
and rod gaps, insulators, bushings, and solid 
insulation for very short time lags has been 
investigated and some data obtained for the 
range from 0.2 to 4 microseconds, on which 
little has been published (pages 67-76). 


Distribution Protection. Adequate over- 
current protection on distribution systems is 
necessary in order that a utility company 
may maintain proper continuity of service; 
some modern trends are discussed in this 
issue (pages 138-52). 


Electrostatic Precipitator. In order to 
keep abreast of the rapidly growing need for 
better methods of cleaning air, a new elec- 
trostatic precipitator has been devised 
(pages 159-63). 


Cruise to Bermuda. A _ post-convention 
cruise to Bermuda at special rates is offered 
those attending the AIEE 1937 winter 
convention (pages 191, 192). 


Prizes for Papers. All technical papers 
presented at Institute meetings during the 
calendar year 1986 are eligible for prizes 
(page 193). 


Commutator Flashing. A knowledge of arc 
characteristics is of value in investigations 
of commutator flashing (pages 107-13). 


Statements and opinions given in articles and papers appearing in ELECTRICAL ENGINEERING are the expressions of contributors, for which the Institute assumes 


no responsibility. Correspondence is invited on all controversial matters. 
Philippine Islands, Central and South America, Haiti, Spain, Spanish Colonies; $13 to Canada; $14 elsewhere. 
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We Present 


The Easy-Reading Page 


N AN EFFORT to relieve readers of eye- 
strain, with its attendant fatigue and dis- 
comfort, or worse, ELECTRICAL ENGINEERING 

introduces with this issue some of the indirect 
results of extensive research by noted illumina- 
tion and research authorities in the field of 
“effective seeing’—a hopeful step toward a 
much-needed “‘easy-reading page.”’ ‘This issue 
is printed on new paper of an improved quality, 
blended and toned scientifically to provide the 
foundation for an effective non-glare easy- 
reading page. Typography, too, has been 
modified in the interests of reader-comfort. 
Even the ink, which after all makes a periodical 
out of otherwise blank paper, has been specially 
compounded to contribute toward the desired 
results, and in all probability will be improved 
still further in the future. 

Concerning this change, Maurice Holland 
(A’23, M’30) director, division of engineering 
and industrial research, National Research 
Council, has written the following statement: 

“T have been advised on good authority that 
70 per cent of our current knowledge comes to 
us through the medium of the printed page. 
Therefore, especially in view of the recent no- 
table advances in the science and art of electrical 
illumination, it would seem that we have not 
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carried through to the ultimate conclusion, so 
far as the reader is concerned. 

“Particularly as exemplified in the ‘better 
light, better sight’ campaign, much scientific 
and technical effort has been focused with 
pronounced success on such modern illuminants 
as the ‘IES lamps.’ But all this has had to do 
with the source of the light. Therefore, it 
seems not only timely, but highly important 
that thoughtful attention should be given to 
the question of effective utilization of light, 
particularly with reference to the printed page. 

“The advance samples of the January 1937 
issue of ELECTRICAL ENGINEERING that I have 
seen represent the nearest to a scientifically 
developed easy-reading page that so far has 
been produced through the media of the graphic 
arts. It is a definite contribution. It is a 
definite challenge. An easy-reading page in- 
volves not only the paper on which it is printed, 
but, to be most effective, should represent the 
co-operative effort of printers, ink manufac- 
turers, type designers, and other elements of 
the graphic arts.” 

Frankly an experiment, this step represents 
ELECTRICAL ENGINEERING’S effort to serve its 
readers in the most effective manner possible. 
Comments are invited. 
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A Million-Cycle Telephone System 


BOUT 2 years 
ago a new wide- 
band system for 

multichannel telephone 
transmission over coaxial 
cables was described in 
an AIEE paper.! An 
experimental system has 
now been installed be- 
tween New York and 
Philadelphia. The various tests and trials which are 
planned for this system have not been carried far enough 
to justify a formal AIEE technical paper for presentation 
and discussion. Meanwhile, the considerable interest 
that has been aroused in the system has led to this brief 
statement of its principal features and its general technical 
performance as so far measured, which has been prepared 
by M. E. Strieby (M’22) carrier transmission research 
engineer of the Bell Telephone Laboratories, Inc., New 
York, N. Y. 

The coaxial cable itself has been installed between the 
long-distance telephone buildings in New York and Phila- 
delphia, a distance of 94.5 miles. It has 
been equipped with repeaters, at intervals 
of about 10 miles, capable of handling a 
frequency band of about 1,000,000 cycles. 

This million-cycle system is designed 
to handle 240 simultaneous 2-way tele- 
phone conversations. Only a part of the 
terminal apparatus has been installed, 
sufficient in this case to enable adequate 
tests to be made of the performance of 
the entire system. A general view of - 
the New York terminal is shown in figure 
2. Some preliminary test conversations 
have been held over the system both in 
its normal arrangement for providing 
New York-Philadelphia circuits, and with 
certain special arrangements whereby the 
circuit was looped back and forth many 
times to provide an approximate equiva- 
lent of a very long cable circuit. The 
performance has been up to expectations, 
and no important technical difficulties 
have arisen to cast doubt upon the 
future usefulness of such systems. Much 
work remains to be done, however, be- 
fore coaxial systems suitable for general 
commercial service can be produced. 


Fig. 1. 


The Coaxial Cable 


Figure 1 shows a photograph of the 
particular cable used in this installation. 
It contains 2 coaxial units, each having 
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View showing structure of coaxial cable 


a 0.265-inch inside di- 
ameter, together with 
4 pairs of 19-gauge paper- 
insulated wires, the 
whole enclosed in a lead 
sheath having a 7/s-inch 
outside diameter. The 
central conductor of the 
coaxial units is a 13- 
gauge copper wire insu- 
lated with hard-rubber disks at intervals of #/4 inch. 
The outer conductor is made up of 9 overlapping copper 
tapes which form a tube 0.02 inch thick; this is held 
together with a double wrapping of iron tape. 

The transmission losses of this coaxial conductor at 
various frequencies are shown in figure 5. This attenua- 
tion is about 4 per cent higher than is calculated for a solid 
copper tube of the same dimensions and material. An- 
other matter of importance is the shielding obtained from 


1. Systems FOR WIDE BAND TRANSMISSION OveER COaAxraAL LINES, by L. 
Espenschied and M. E. Strieby, ELecrricAL ENGINEERING (AIEE TRANSAC- 
TIONS), volume 53, 1934, pages 1371-80. 


Fig. 2. The New York terminal of the coaxial system 
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Fig. 4. Million-cycle repeater mounted in a manhole 


one conductor to the other or to outside interference. 
Inasmuch as the most severe requirement is that of cross 
talk from one coaxial unit to another, this has been used 
as acriterion of design. Figure 6 shows the average meas- 


LOSS IN DECIBELS PER MILE 


30 50 100 
FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 5. 


500 1000 2000 4000 


Attenuation of the coaxial conductor 


ured high-frequency cross talk in this particular cable 
on a 10-mile length without repeaters, both near-end and 
far-end. 


Repeaters 


The amplifiers used in this system were designed for 
about a 10-mile spacing and a frequency range of 60 to 
1,024 kilocycles. A total of 10 complete 2-way repeaters 
has been provided, including those at the terminals. 
Two of the intermediate repeaters are at existing re- 
peater stations along the route, the other 6 being at un- 
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attended locations along the line. 
Four of these are in existing manholes, 
while the other 2 were placed above 
ground for a test of such operation. 
Figure 4 shows a manhole repeater 
with the cover removed for routine 
replacement of vacuum tubes. Figure 
8 shows one of the installations above 
ground. 

The measured gain of a typical 
repeater is shown by the points on the 
curve of figure 7. The curve itself is 
the line loss that the repeater is de- 
signed to compensate. Three stages 
of pentodes are used with negative 
feedback around the last 2 stages. 
Attenuation changes due to tempera- - 
ture of the line are compensated auto- 
matically by a pilot channel device 
which has been installed at every 
second or third repeater. The regu- 
lating mechanism uses 4 small tubes 
and is added to the normal repeater 
when desired. The amplifiers shown 
in figure 8 are regulating. As the 
cable is underground, the temperature 
changes are very slow and but meager data on the accuracy 
of compensation are yet available. 


Terminals 


The New York and Philadelphia terminals of the cable 
have each been equipped to handle 36 2-way telephone 
conversations. As may be remembered, the scheme 
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Fig. 6. Cross talk between the 2 coaxial con- 
ductors in the new cable 


employed involves 2 steps of modulation, the first of 
which is used to set up a 12-channel group in the fre- 
quency range from 60 to 108 kilocycles. Three such 
groups have been provided in this installation. In order 
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to transmit at the higher frequencies, 
a second step of modulation is used in 
which an entire 12-channel group is 
moved to the desired frequency loca- 
tion by a “group” modulator. Six 
such group modulators have been pro- 
vided at various frequencies through- 
out the range, including both the top 
and bottom. Patching facilities have 
been provided so that any 12-channel 
group may be transmitted over any 
one of the high frequency paths. A 
typical frequency characteristic of one 
of the channels is shown in figure 9. 
It may be observed that relatively 
high quality has been obtained, due 
largely to the use of crystal filters, 
even though the channels are spaced 
throughout the frequency range at 
4,000-cycle intervals. 


Preliminary Tests 


As already noted, various long cir- 
cuits have been built up by looping back 
and forth through the coaxial system. 
One setup over which conversations were successfully 
carried out consisted of 5 voice-frequency links in tandem, 
each link being 760 miles long, giving a total circuit length 
of 3,800 miles. This setup included, in each direction, 
70 stages of modulation and the equivalent of 400 line 
amplifiers, the transmission passing 20 times through 
each one of the 20 one-way line amplifiers constituting 
the 10 2-way repeaters. 

This demonstrated that the complete assemblage of 
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Fig. 7. Gain-frequency characteristic of coaxial 


repeater 


parts, including filters which divide the frequency range 
into the required bands, modulators which produce the 
necessary frequency transformations, and amplifiers 
which counteract the line attenuation, introduced very 
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Fig. 8. 


Installation of coaxial repeater above ground 


little distortion. Many problems require further con- 
sideration, however, before these systems will be ready 
for design and production for general use. The final sys- 
tems must have such refinement that they are suitable 
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Fig. 


9. Frequency characteristic of a 
speech channel 


typical 


for transcontinental distances; the tremendous amplifi- 
cations needed for such distances must have very precisely 
designed regulation systems, particularly where aerial 
construction is involved; noise and cross talk must not 
accumulate over the long distances; the repeaters must 
have such stability and reliability that continuity of ser- 
vice will be assured with hundreds of repeaters operating 
in series and each repeater handling several hundred dif- 
ferent communications. 
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Abrasion—A Factor in Electrical Brush Wear 


By V. P. HESSLER 


ASSOCIATE AIEE 


BRIEF résumé of the 
literature on electrical 
brush wear was tre- 


ported by the author in a previ- 
ous paper.' A more complete 
review of this literature has 
also been reported by the 
author in another publication.’ 
In the interest of brevity, these publications will be as- 
sumed to be available to the reader. The investigations 
reported in this paper represent an extension of the previous 
work, all of which has been carried on under the auspices of 
the Iowa Engineering Experiment Station. Inthe previous 
investigations the brushes were operated with the anode 
and cathode brushes (throughout this paper the brush at 
which the conventional current flow is from the brush to 
the ring is called the anode brush) on separate paths, for 
the purpose of obtaining fundamental information con- 
cerning the wear of brushes at different polarities. These 
experiments have been extended to include the condition 
of brushes tracking and brushes trailing. That is, with 
brushes tracking, the anode and cathode brushes are both 
operated on the same path; with brushes trailing, a brush 
not carrying current is operated on the same path with a 
current-carrying brush. 

The situation of brushes tracking on a drawn copper 
ring duplicates the arrangement of a d-c commutator 
rather closely; however, the more important reason for 
making such a test was to ascertain the effect of the ring 
surface upon anode and cathode brush wear. The previ- 
ous investigations indicated a very pronounced polarity 
effect, but there was nothing in the data to indicate 
whether the difference in the rates of wear of the anode 
and cathode brushes was caused by a ring-surface condi- 
tion, a brush-surface condition, or by the direction of cur- 
rent flow. 

The results of the tests with the brushes not tracking 
and with brushes tracking indicated that abrasion might 
be an important factor in electrical brush wear; conse- 
quently a series of tests was run with brushes trailing, with 
the hope of evaluating the magnitude of this factor in 
brush wear. It was assumed that if a brush carrying 
current were operated on the same ring simultaneously 
with a brush not carrying current, both might lose mate- 
rial at the same rate as a result of abrasion, while the cur- 
rent-carrying brush would lose additional material as a 
result of the current flow. This assumption proved to be 
substantially correct. 


Apparatus Used in the Tests 


All of the tests were made upon drawn electrolytic-copper 
rings. The rings were rolled from strip copper, brazed 
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An investigation of the effect of abrasion upon 
electrical brush wear is reported in this paper. 
Tests of the rate of wear of anode and cathode 
brushes, and of brushes carrying current and 
those that did not, show that abrasion is an im- 
portant factor in electrical brush wear. 


on the inside of the hoop and 
pressed upon cast aluminum 
disks. The rings were turned 
true and finished with the 
shaft rotating in its own bear- 
ings, so it was possible to main- 
tain the ring eccentricity be- 
low 0.0005 inch. 

The brush holders were of the radial type. The dimen- 
sions of the brushes were 1/2 by !/2 by 2 inches. It was 
realized that a brush of these dimensions in a radial 
brush holder might be subject to chatter, but it caused no 
apparent difficulty. The brushes were fitted very closely, 
and the rings were always rotated in the same direction. 
Double surfaces were observed on the brush faces only 
during the running-in period. The brush holders were 
mounted 90 degrees apart on vertical and horizontal di- 
ameters. The rings were always rotated in the direction 
from the lower brush to the upper brush, because the 
author thought that less of the material abraded from the 
preceding brush would be carried under the following 
brush with such an arrangement. 

Some of the physical characteristics of the brush ma- 
terials are given in table I. The tests ordinarily were 
conducted on 4 rings simultaneously. The 4 pairs of 
brushes were connected in series and the group connected 
to an 80-volt d-c generator through a variable resistor. 
By dropping a large part of the circuit voltage in the vari- 


Table I—Physical Constants of Brush Materials 


Normal 
Transverse Current 
Strength, Density, 


Pounds Amperes 
Hardness Per Per 
Brush Resistivity, (Sclero- Square Square 
Grade Ohm-Inches scope) Inch Inch Type of Material 
A.. . .0.0020 .-65....3,600..... 55....Electrographitic lampblack 
D Ee niche eee 0.00225 54....2,960... 60... .Electrographitic lampblack 
Cx . .0.00106 ....40....3,500..... 45....Carbon graphite 
DD) erie 0.00142 ....40....3,500..... 45....Carbon graphite 
DOA ar se 0.0000064 ....20....4,900.....115.... Metal graphite 
Hepa O,OOUOLOI a: 16....4,000.....100....Metal graphite 
G.......0.00000242.... 5....9,700.....150.... Heavy metal graphite 
os. 0 0014 sake ( Gavetatincinie panies 65... .Electrographitic 
ber areOre 0.0013 sunk OONpedeeseresnasua carve 65... .Electrographitic 


able resistor and operating the generator under condi- 
tions corresponding to a point high on its saturation curve 
it was possible to maintain a constant circulating current 
through the brushes. 
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The temperature and humidity were maintained con- 
stant throughout the tests by means of automatically con- 
trolled air-conditioning equipment. The atmosphere was 
kept as nearly dust free as possible by means of a specially 
designed dust collector, but no attempt was made to make 
quantitative measurements of the dust condition. 

The rate of wear was determined by measuring the 
length of the brushes at the beginning and again at the 
end of a run by means of a micrometer with an electrical 
contact arrangement. The rate of wear is represented by 
the ratio of the change in length during the run to the dura- 
tion of the run. The unit “inches per 100,000 hours’’ 
was chosen simply for ease of calculation and presenta- 
tion of the data. A rate of wear of 11.4 inches per 100,000 
hours is equivalent to a life of one year per inch. 

The data on contact drop were obtained by means of an 
auxiliary copper-leaf brush, which was lowered to the 
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figure 1, except that 
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designated D_ in 
table | 


WEAR— INCHES PER 100,000 HOURS 
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ring whenever readings were desired. Each test brush 
was equipped with a potential lead to eliminate errors 
caused by the shunt voltage drop, and the contact voltage 
drop was corrected for the voltage drop through the brush 
material. 

A more complete description of the apparatus is in- 
cluded in a previous paper on brush wear.! The same 
apparatus, except for a few minor changes in brush- 
holder mountings, was used in these tests. 


Test Procedure 


The brushes always were sanded carefully and run for 
several hours with a nominal current before any readings 
were taken. The rings were sanded at the beginning of 
each series of tests and then not cleaned again until the 
beginning of the next series of tests. The temperature 
and the relative humidity were held constant at 45 degrees 
centigrade and 50 per cent, respectively, throughout the 
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tests. Ring speed was 3,500 feet per minute and brush 
pressure 3 pounds per square inch. The curves of con- 
tact voltage drop represent the average of several read- 
ings taken at intervals throughout the period of operation 
at a given current density. The equipment was run ap- 
proximately 24 hours to obtain the data for each point on 
the wear curves. 
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The experiments with brushes tracking simply consisted 
of arranging 2 brushes on the same path of a given ring 
and obtaining wear and contact voltage drop data. The ar- 
rangement was somewhat more involved in the case of 
brushes trailing, for which 4 brushes were mounted on 
each ring in such a manner that a pair of brushes operated 
on each of 2 ring paths. The electrical circuit was ar- 
ranged to carry current through one brush of each pair, to 
reverse the current through the first 2 brushes, or to con- 
nect to the other 2 brushes on a given ring. This arrange- 
ment made it possible to observe whether the results ob- 
tained were peculiar to a given brush and holder or could 
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be duplicated on other brushes. Also it gave some idea 
of the time required for changes in film formation to take 
place. The sequence of readings represents approxi- 
mately 24-hour periods of operation. In all trailing tests, 
except for figures 12 and 13, identical brushes were used 
in all 4 positions on the ring. The tests for figures 13 and 
14 were conducted with one metallic brush and one non- 
metallic brush on each path, for the purpose of studying 
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whether the higher rate of wear of metallic brushes results 
from a more abrasive ring path or from the mechanical 
structure of the metallic brush. 


Results of Tests 


All of the test results are given in the form of curves in 
figures 1 to 13. The arrows on the curves of figures 1 to 
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7 indicate the sequence in which the tests were made. 
For example, in figure 3, tests were started at zero cur- 
rent; the current was increased to 100 amperes per square 
inch and reduced to 20 amperes per square inch by 20- 
ampere increments. For most cases only the descending 
or ascending curves are shown. The experimental points 
not connected by curves represent the other values. 


Fig. 9. Curves 
showing rate of 
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Figures 1 to 7 represent the results of the tests with 
brushes tracking 

The results for various brush materials with brushes 
trailing are given in figures 8 to 13., The boxes at the top 
of each figure represent the electrical connection and me- 
chanical arrangement of the 4 brushes on a ring. The 
minus sign indicates the cathode brush and the plus sign 
the anode brush. For example, the left box in figure 8 in- 
dicates that brushes 1 and 3 are operating on the same 
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path, with brush 1 as the cathode-current-carrying brush, 
and brushes 2 and 4 are operating on the other path of the 
same ring with 2 as the anode brush. Readings 1, 2, 3, and 
4 were obtained with this arrangement. For readings 5, 
6, and 7 the polarity of the current-carrying brushes was 
reversed. For readings 8 and 9 the current was shifted 
to the other 2 brushes. As stated previously, the same 
grade of brush was used in all 4 positions in the tests of 

figures 8 to 11. The tests of figures 12 and 13 were con- 
ducted with one metallic and one nonmetallic brush on 
each path. 


Interpretation of Results 


Even the most casual comparison of figures 1 to 7 with 
the curves of the previous paper! indicates that there is a 
fundamental difference between operating brushes tracking 
and not tracking. With brushes of both polarities operat- 
ing on the same path practically all of the difference in 
wear which was previously observed disappears. This 
seems to indicate that the more rapid wear of the carbon 
or graphite cathode brush was caused by a ring-surface 
condition set up as a result of current flow. Photomicro- 
graphs of ring surfaces show this supposition to be correct. 
Figure 14a and 14) show characteristic ring paths as pro- 
duced by graphite anode and cathode brushes, respectively. 
The anode-brush path was very smooth, whereas the cath- 
ode-brush path was so rough that the peaks and valleys 
could not be brought into focus simultaneously. 

The reader may note that the arrows are reversed on the 
wear curves of figures3and4. These curves were obtained 
simultaneously on separate rings mounted upon the same 
shaft; therefore, any explanation would have to be made 
in terms of the ring or brush materials. No difference in 
operation has been observed between the various drawn 
copper rings used in the tests. Previous tests have shown 
that the rate of wear of certain brush grades decreases as 
the brushes are “run in’ whereas others increase during 
the running-in period. In each case the ring may present 
a satisfactory uniformly polished appearance. No doubt, 
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the same phenomenon has occurred in figures 3 and 4. 

The results presented in figures 8 to 13 show definitely 
that brush wear is largely abrasion resulting from a ring- 
surface condition set up by current flow. In general, the 
trailing brush wears at almost the same rate as the current 
carrying brush. The sequence of readings from 4 to 7 in 
figure 9 indicates that a surface condition affecting the 
rate of wear is being established. If the wear were purely 
electrical, the reversal would take place in a much shorter 
period. 

It is interesting to note that in several instances in 
figures 10 and 11 the trailing metallic brush wears more | 
rapidly than the current-carrying brush. The sequence © 
of readings from 10 to 14 in figure 11 shows in a very strik- 
ing manner the polarity effect on metallic brushes. 

Figures 12 and 13 show that even for widely dissimilar 
materials the wear of the trailing brush is governed by the 
nature and polarity of the current-carrying brush. The 
decrease in wear from reading 6 to 7 in figure 13 was caused 
by cleaning the ring. 

After showing that brush wear is largely abrasion it was 
thought that it might be reduced by burnishing or polish- 
ing the ring continuously. This was attempted with a 
cotton tape, which reduced brush wear by about 60 per 
cent in the first tests. However, it was not possible to ob- 
tain these results consistently. An attempt to obtain 
better results with the aid of certain fine abrasives re- 
sulted in tremendously increased rates of brush wear. 

The foregoing results suggest using metallic and non- 
metallic brushes on the same path to reduce brush wear, 
but no commercial machine seems to be adaptable to such 
an arrangement. The metallic brush would not commu- 
tate a high-voltage machine and the nonmetallic brush 
would not have the current-carrying capacity for a low- 
voltage machine. 

An interesting study of brush wear in hydrogen and in 
air was made by Baker and Hewitt* in which they found 
that brush wear in air was many times that in hydrogen. 
It would be very instructive to repeat these tests with a 
trailing brush on each path to ascertain the effect of abra- 
sion in these tests. 

(Concluded on page 16) 


Fig. 14. Photomicrographs of ring surfaces 
Left—Path of anode brush. Right—Path of cathode brush 
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Lightning Protection for Transmission Lines 


By A. W. GOTHBERG 


ASSOCIATE AIEE 


HE RESULTS of many 

years of lightning-re- 

search work have been 
applied to steel-tower trans- 
mission lines with great im- 
provements in operating re- 
sults. In general, there has 
been less accomplished in 
improving wood-pole line 
design. The records of the 
company with which the 
writers are associated show 
lightning outages on unpro- 
tected wood-pole lines to be 
48 per 100 miles of line per 
year as compared to a rate of 5 for steel-tower lines 
with 2 ground wires. Such relatively poor per- 
formance shows the need for improved protec- 
tion. 

Early investigators attempted to prevent line 
outages by increasing insulation. Measurements of 
stroke currents indicate that some outages can be 
prevented by over-insulation but that obtaining re- 
liable operation by the use of high insulation is costly 
and impractical. 

The most widely used form of protection consists 
of ground wires to intercept all direct strokes. These 
are very effective when properly installed with ade- 
quate clearances and low-impedance ground con- 
nections. In many cases, however, the cost of the 
extra wire and of enlarging the structures for in- 
creased clearances and heavier loading cannot be 
economically justified. Particularly in the case of 
wood construction, low-resistance grounds may be 
difficult and expensive to obtain. In addition, un- 
less special precautions are taken, the ground lead 
will render useless a portion of the normal wood 
insulation. The use of additional wires and larger 
structures naturally increases construction and 
maintenance costs. 

A recent and increasingly popular protection 
scheme consists in the installation of lightning pro- 
tector tubes)? to drain surge currents from the phase 
wires and extinguish the resulting power arc. It is 
customary to install a tube for each phase on pro- 
tected structures. Where ground resistances are 
low, strokes to one wire will cause phase-to-ground 
faults. Where more than one wire is struck or where 
ground resistances are high, the tubes will have to 
interrupt phase-to-phase short-circuit currents. On 
power systems using neutral resistors or reactors, 
co-ordination may be difficult since present tubes are 
effective only within a limited range of short-circuit 
currents. A given tube will not interrupt currents 
below its rating and will fail because of excessive in- 
ternal pressures on currents in excess of its rating. 
In general, tubes are effective, although a large num- 
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To meet the need for lightning protection 
on low-voltage transmission lines at moder- 
ate cost, and particularly for wood-pole 
lines, a design is presented in this paper that 
has high insulation strength and uses, in 
place of a ground wire, a shielding phase 
conductor with a lightning protector tube. 
Lightning currents are drained to ground 
with a minimum number of tubes of low 
current rating. 


A. S. BROOKES 


ASSOCIATE AIEE 


ber are required to secure 
protection on lines with 
short span lengths and high 
ground resistances. 


Summary 


Without departing radi- 
cally from present practices 
with wood-pole lines, a 
design is proposed for im- 
proved lightning perform- 
ance. Use is made of wood 
insulation and a shielding 
conductor with lightning- 
protector tubes. Computation methods are shown 
so that the recommendations may be adapted to 
local conditions. It may be concluded that: 


1. It is possible on low-voltage transmission lines to secure at 
moderate cost a large reduction in lightning outages. 


2. It is possible to secure the advantages of a ground wire without 
the cost of the additional wires and heavier structures. 


3. Protection may be secured by the use of low-rating lightning- 
protector tubes on one phase of a 3-phase circuit. 


4. A method of protection is presented which may be used on higher 
voltage lines with economies resulting from the elimination of ground 
wires. 


5. With the assumptions used and by using a standard pole top the 
proposed design shows an estimated reduction in lightning outages of 
approximately 75 per cent. 


Proposed System of Protection 


The proposed design is an attempt to secure at 
moderate cost a line combining the advantages of the 
3 present protection methods as follows: 


1. One phase of each circuit is made a shielding conductor by lo- 
cating it so that the remaining phases will be shielded from direct 
strokes. 


2. Lightning currents are drained from the shielding conductor by 
means of a lightning-protector tube. 


3. The remaining phases are isolated from the shielding conductor 
and tube ground circuit by insulation sufficient to prevent phase- 
to-phase faults. This allows the use on each structure of a single 
tube designed to withstand only phase-to-ground currents which, in 
general, are much less than phase-to-phase currents. 


Construction Features 


Figure 1 shows the described features incorporated 
in a single-circuit wood-pole top. The location of 
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the shielding conductor with reference to the other 
phase wires may be determined by use of the conven- 


tional shielding angle*® or by assuming a cloud height 
and considering the distances to the line conductors. 
For a structure of the size shown the shielding-angle 
method was used as giving the more conservative 
results. 

To prevent flashovers between the tube ground 
lead and the lower phase wires without excessively 
close tube spacings requires the use of insulation 
having high impulse strength. In the design shown 
this is obtained by the use of wooden crossarm 
braces. The breakdown strength for the combina- 
tion shown is 645 kv at 4 microseconds. Insulation 
values for other desired forms of construction may be 
obtained from an earlier paper.® For most practical 
designs only the breakdown strength of the insulators 
and wood need be considered since it is lower than 
that of the direct path through air. 

The tube is placed as shown so as to drain light- 
ning currents from the shielding conductor to ground. 
The mounting arrangement must be such that the 
breakdown of the tube and associated gap is at all 
times less than that of the insulator and the wood be- 
tween the insulator pin and tube mounting. 

The single-circuit pole top may be expanded to 
provide for an additional circuit as shown in figure 2. 
The same clearances are maintained and tubes are 
installed on the 2 top shielding conductors. It is 
important that the same phase of each circuit be on 
the top arm so that, in the event of a stroke involving 
the top 2 conductors, the tubes will not be required 
to interrupt phase-to-phase currents. 


Distance Between Protected Poles 


The expected number of outages and the magnitude 
of lightning strokes to a line’ in a territory with an 
isokeraunic level of 30 are shown in figure 3. While 
this curve is for a steel-tower line with 2 ground wires, 
it may be used without serious error for a wood-pole 
line. This curve is used to find the line performance 
for an equivalent lightning level. For example, a 
design for strokes up to 4,000 kv gives an expected 
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Fig. 3. Expectancy curve of lightning outages 


outage rate of 12 per 100 miles per year as compared 
with a rate of 48 for an unprotected line, a reduction 
in outages of 75 per cent. 

Assuming a surge impedance of 200 ohms for the 
lighting channel and 4,000 kv as the stroke potential, 
the stroke current is 20,000 amperes. Since the 
ground current theoretically may reach double this 
value, it is necessary to use a tube heavy enough to 
withstand 40,000 amperes surge current. 

A computation of the voltages appearing on the 
shielding conductor for a stroke to a protected pole 
involves the use of a rate of voltage rise in the stroke. 
A rate of 1,000 kv per microsecond is believed to be 
a value which should give conservative results. 
Neglecting the length of the ground lead, the initial 
voltage on the shielding conductor Ez at the struck 
pole is 

2Yo 


ep 
yee 


Ex, = Estroke 


where 


Y) = surge admittance of stroke 
Y; = surge admittance of shielding conductor 
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Y; = surge admittance of ground The reduction factors at the struck pole for suc- 


@ is used for reflection factors cessive reflections found by using the lattice method‘ 
6 is used for refraction factors are: 


Sufficiently accurate results are secured by con- 
sidering only the reflections from the first 2 protected 
poles on each side of the struck pole. The reflection 
factor at the struck pole is 


Reflection Reduction Factors 


First A = —ayh 
2Y; Second eats bi(a2bi — b2° — aiae) 
oN) Fo ay, 2 ¥, Third = C = a%y(bibs* + bs? — Barbs? — aabs? — aabi? — aias) 
mee cre . Fourth  D = az%,(dibst + 4ayaebbe? + ae%ib2 + as%bibe? + arbi 
The reflection factors at the first and second pro- Mitel eae Peele es ee 
tected poles away are SO ae ie ae 2 eee te 
a (: = ) 
=a = —_ = = . ‘ 
cs 2¥i + Fs Where the rate of voltage rise de/dt in the stroke 


equals 1,000 kv per microsecond, d/1,000 may be 
used for elapsed time in microseconds after the initial 
2h 2v; contact of the stroke with the shielding conductor 


Se Pak + Vs ae 2Y, + ¥2 where dis the distance between protected poles (con- 


Similarly the refraction factors are 
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Figs. 4and 5. Curves for voltage on shielding conductor for stroke to protected pole (left) and to unprotected pole (right) 


Ground resistance, 50 ohms; rate of voltege rise in stroke, 1,000 kv per microsecond; numbers on curves are distances between poles in feet 
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Figs. 6 and 7. Curves for voltage on shielding conductor with stroke of 20,000 amperes to protected pole (left) and to 
unprotected pole (right) for various ground resistances 


Voltage required for fashover of unprotected pole shown by AA; numbers on curves are distances between poles in feet 
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Fig. 8. Curves showing relation between ground resistance 
and spacing of protector tubes 


A—Limit of protected region, unprotected pole 
B—Limit of protected region, protected pole 


sidering equal spacing) in feet. The voltage at the 


struck pole is: 


eee ees x Us x bd 
Eee P0005 2 “atl 
At time ¢ = 2d/1,000 
Fog = 2Ez 


Eud = 4E, = 4E,A 

Ecd = 6E, — 8E,A — 4E,B 

Exqd = 8E, — 12E,A — 8£,B — 4E£,C 

Bo eei0, 16h A — 12k B 86,6 = 48D 


With values obtained as shown, figure 4 was plotted 
for ground resistances of 50 ohms, giving the vol- 
tages at the struck pole as a function of time for 
various spacings of tubes. Curves for other values 
of ground resistance were calculated in a similar 
manner. In computing the curves the fact was con- 
sidered that the voltage at the struck pole must rise 
to an appreciable value before tube breakdown 
occurs. This explains the small irregularities in the 
curves. For all practical purposes, after several 
reflections the effect of this factor is negligible. 

A similar procedure was followed to obtain the 
voltages on an unprotected pole with a stroke to the 
shielding conductor at this point. These values are 
shown in figure 5. 

With the assumed rate of voltage rise and a stroke 
potential of 4,000 kv, the maximum voltage is reached 
in 4 microseconds. Using values at this time from 
figures 4 and 5 for ground resistances of 50 ohms and 
from similar curves for other ground resistances, 
figures 6 and 7 were plotted to show the voltages ap- 
pearing on the struck pole for strokes to the protected 
and unprotected poles. In order to determine the 
correct ground resistances and tube spacings for the 
proposed design, the impulse breakdown values of 
the insulation between the lower phase wires and the 
ground lead or ground are shown as straight lines on 
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the curves. These values were increased by 30 per 
cent to allow for coupling between the shielding 
conductor and other phase wires. The intersections 
of the straight lines and the curves are plotted in 
figure 8 to show the maximum ground resistance for 
safe protection with given tube spacings. Local 
conditions will dictate whether it is more economical 
to use closely spaced tubes or to take steps to lower 
ground resistances. 

It is realized that there may be some disagreement 
in regard to the assumptions made for these calcula- 
tions but the values chosen are considered sufficiently 
conservative and accurate to give a co-ordinated 
installation. Future investigations will probably 
yield more accurate data but these should affect the 
figures for expected line performance rather than the 
fundamental design. 

At the present time several 26-kv lines are being 
rebuilt incorporating the features of this proposed 
design. It is expected that these lines will be in 
operation during the coming lightning season so 
that some field experience will be obtained within a 
year. 
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Abrasion—A Factor in Electrical Brush Wear 


(Continued from page 12) 


Conclusions and Results 


The principal findings are as follows: 


1. The wear of brushes on concentric rings is largely abrasion re- 
sulting from a ring condition established by the current flow. 


2. The abrasive ring condition is caused by the cathode brush for 
carbon or graphite brush materials, but is caused by the anode 
brush in the case of metallic brush materials. 


3. The abrasive action of the anode metallic brush path is much 
more pronounced than that of the cathode carbon or graphite brush 
path. 
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Inductive Co-ordination of Common-Neutral 


Power-Distribution Systems and Telephone Circuits 


By J. OR. COLEMAN 


MEMBER AIEE 


RIOR to about 1915, 
delta-connected 2,300- 
volt 3-phase primary 


circuits were used extensively 
for the distribution of electric 
current. While some distri- 
bution networks throughout 
the country still operate in 
this manner, the marked in- 
crease in load densities, start- 
ing about 1915, often made 
the retention of the 2,300-volt 
delta system impracticable. 
In a few instances the develop- - 
ment of the particular network 
was at a point where it was 
feasible to change from the 
2,300-volt delta to a 4,600-volt delta arrangement, but 
in other cases the existing equipment represented too 
great an investment for a complete change of this char- 
acter. 

From studies of various methods of caring for the 
augmented load densities, it was found that the existing 
equipment could largely be saved and the capacity of 
the distributing networks substantially increased by 
converting them to a 2,300/4,000-volt star-connected 
4-wire primary system. By about 1925 this system had 
extended to most of the larger cities and most power 
companies had found it economical to use in at least some 
parts of their territories. 

In using the 2,300-volt equipment on the 4,000-volt 
4-wire system it was necessary to stabilize the neutral 
conductor in some way. Most of the 4-wire systems had 
the neutral conductor grounded at the substation only, 
although sometimes low-voltage lightning arresters were 
placed on it at various points in the distribution network 
to aid in its stabilization in case of a break in it. In 
some instances, at the time of the installation of the 4-wire 
system, the primary neutral was connected at various 
points in the network to driven ground rods thus resulting 
in a multigrounded neutral system. In at least one 
instance the neutral conductor was not solidly grounded 
even at the substation, it being connected to ground 
through lightning arresters. 

The experiences of the power companies with the multi- 
grounded neutral were generally favorable. It was found 
to be more reliable and to embrace some simplifications 
over other distribution methods. While the early multi- 
grounded neutral arrangements were obtained by making 
connections to ground along the primary neutral con- 
ductor and interconnecting it, at service transformers, to 


cuits. 


character. 
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Early installations of 3-phase 4-wire power dis- 
tribution systems of the multigrounded or com- 
mon-neutral type in some cases created noise 
problems involving neighboring telephone cir- 
Operating experience, studies of specific 
situations and comprehensive co-operative re- 
search over a period of years have developed 
means of largely avoiding difficulties of this 
The relative importance of various 
features of the power and telephone systems 
which have been found to affect the noise-induc- 
tion problems involved is discussed here, and the 
general co-operative procedures most helpful in 
conversions to, or extensions of, these types of 
power distribution systems, are outlined. 


R. F. DAVIS 


ASSOCIATE AIEE 


well-grounded secondary neu- 
trals, a further simplification 
in the arrangement was readily 
apparent. 

It will be noted in figure 1 
that this interconnection of 
the primary and secondary 
neutrals resulted in 2 grounded 
neutrals on the pole line in all 
sections where the secondary 
neutral existed. In extending 
the multigrounded neutral ar- 
rangement or in reconstructing 
existing portions of the net- 
work, these 2 neutrals were 
combined into a single well- 
grounded conductor continu- 
ous in all portions of a feeder area and often continuous 
in all parts of a substation area or of several contiguous 
substation areas. This arrangement, called the ‘“‘com- 
mon-neutral,’’ which was first extensively applied in 
Minneapolis, Minn., by S. B. Hood, resulted in certain 
savings in equipment and relief of congested pole heads 
and in a neutral network most effectively grounded since 
all secondary neutral grounds were thus made available, 
in addition to any driven grounds along the pole line. 

The operation of this system in Minneapolis showed 
many advantages in the protection of secondary net- 
works from the effects of voltage rises under abnormal 
conditions. In addition, a paper presented in 1925 by 
Mr. Hood! pointed out that over a period of 3 years the 
rate of transformer failure was reduced to 8/19 of 1 per 
cent per annum. This excellent performance in trans- 
formers arose undoubtedly from the fact that with the 
“common-neutral’”’ or interconnected neutral arrange- 
ments the lightning arresters are connected directly 
around the transformers. Later studies showed that the 
connection of the lightning arresters directly between the 
primary conductors and secondary neutral provides a 
degree of protection which cannot readily be obtained in 
any other way.2—7 

In urban areas, the multigrounded or common-neutral 
method of distribution introduced, in some instances, 
noise induction in nearby telephone circuits. In view 
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of this fact an extensive co-operative investigation was 
undertaken by project committee No. 6 of the Joint Sub- 
committee on Development and Research of the National 
Electric Light Association and Bell Telephone System to 
determine the factors involved in the co-ordination of 
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local power distribution systems and telephone systems. 
A study was carried out in Minneapolis during the years 
1924-26 having as its primary objective the determina- 
tion of the factors involved where the telephone distribu- 
tion was largely in aerial cable. The investigation was 
continued in Elmira, N. Y., in 1926-29 to embrace the 
factors introduced when the exchange telephone plant was 
of open-wire construction. Supplementing these de- 
tailed technical studies, an investigation of certain eco- 
nomic features of various arrangements of power and 
telephone distributing methods and of their practical 
application under varying conditions was carried out in 
California in 1928-29. Asa result of these investigations 
the various factors involved in the co-ordination of multi- 
grounded or common-neutral power systems and tele- 
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phone distribution systems were determined and certain 
practices developed for the co-ordination of these systems 
under various conditions in urban areas.® 

The purpose of this paper is that of briefly outlining a 
few of the more important features of power and tele- 
phone circuits affecting noise co-ordination. Following 
such a review there is presented a list of measures which 
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Fig. 2. Effect of relative positions on joint-use pole 
of power and telephone conductors on coefficients 
of induction for voltages and currents 


Direct Metallic Circuit Induction In Untransposed Telephone Circuits 


Magnetic Induction at 1,000 Cycles 
Volts Metallic per Ampere of Power-Circuit Current per 1,000 Feet of Exposure 


Type of Induction Power Pair Pair Pair 
Power Circuit Component Conductors* 1-2 5-6 9-10 Avs 
A&N 0.021 ...0.043...0.0044...0.022 
Single phase........ Residual . 1 GosINS wcraave 0.0044...0.018...0.0053...0.0092 
E&N_ ....0.0002...0.023...0.0013...0.0082 
2 phase wires and { Ay GS INV. 0.013... 0031-2 0.005", 0.010 
neutral) sie ciye-caus Residual .t A,D, &N_ ..0.008 ...0.018...0.009 ...0.012 
ek Residual ia BIG, IN} 10/012) 27..0:033)-,. 01005) m0: 047, 
CEA OO a Stee UA, GAD ReIN- 20:0070s-- 010101004 a O1007) 
2 phase wires and { A, GS Nin 01047 --- .0!026.. .0:0009 15. 0:015 
rieUtral ee re ncieere Balanced. 1 A,D,&N_ ..0.026 ...0.13 ...0.026 ...0.061 
A,B; G,&N .0:015:);..0.023), =. 0.012 5. 3 OfOni7 
3 phase. ...+.00+0. Balanced. ee C,D, &N .0.023 ...0.193...0.026 ...0.057 


* In each case, conductor ‘‘N”’ is a multigrounded neutral, the other wires being phase 
conductors. Assumed 50 per cent of the residual current in the neutral and 50 per cent 
in the ground. 


Electric Induction 
Volts per Kilovolt Vm/Kv 


Type of Induction Power Pair Pair Pair 

Power Circuit Component Conductors* 1-2 5-6 9-10 Avg 
AisIntr Psons ih odin? Beh asad) cei! 
Single phase........ Residual ... 1 (UN smc as PE Seu ceo tence eo) 
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2 phase wires and { AG Nips 5. versie Si Weiee 6246s cto 
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BS phaseriase siete nrraars Residuals. 17." ony whe he ore : ae 
2 phase wires and { A, C, & N seo) eae Oh See OlA rere 
neutral) marcrcrtett Balancecisi «thy \/1DaQNmeterercte GO sso nell) De seperlioul 
Ap Bi Gr SINT casi Qiliccce OcO sca O Aen errocO 
SPARC at nah is Balanced... {a CD RN 156.27 BAL 127 


* Wires S and S assumed continuous through exposure and grounded. 


extended experience has shown will, where given proper 
consideration by both parties, enable multigrounded or 
common-neutral power circuits and telephone circuits to 
live harmoniously. No attempt is made, however, to 
reiterate the extensive technical information obtained 
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Table 1*—Average Current and Voltage Wave Shapes of 2,300/4,000-Volt 3-Phase 4-Wire Distribution Circuits 


Current in Industrial Feeder 


(in Amperes) 


———— 


Current in Residential Feeder 


Phasete: (in Amperes) 
Frequency Neutral Light Load Heavy Load Light Load Heavy Load 
in Cycles Order of Voltage 
per Second Harmonic at Bus Phase Residual Phase Residual Phase Residual Phase Residual 
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420 weresente Mahone alien Bid es hace O.3 see) arent O:O Sirens vor OBS: Pei isedtpons O05 a cick OTS eee aiae OL0G. crs a OA Tad ace 0.08 
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Note: Values for triple harmonics are in italic type. 


* Tables 31 and 32, pages 235-6 of volume II of Engineering Reports of Joint Subcommittee on Development and Research. 
** New weighting—see Engineering Report No. 33 of Joint Subcommittee on Development and Research, 


from the investigations outlined above as these are ade- 
quately covered in the references cited. 


Recent Trends 


During the past few years there has been extensive 
conversion from other types of urban power distribution 
to the multigrounded or common-neutral system of pri- 
mary distribution. Where there exists a 3-phase 3-wire 
delta circuit the system is converted by making the 
secondary neutral network continuous, reinforcing it 
where necessary, and making the required changes in 
transformer connections. Where there is a 3-phase 
4-wire unigrounded primary system the conversion is, 
as previously mentioned, made by interconnecting the 
primary and the secondary neutral at each load trans- 
former, generally removing the primary neutral only at 
the time of major rebuilding. In either case extensions 
are usually made using a single neutral in the secondary 
position. 

In the urban areas most of the multigrounded or com- 
mon-neutral systems are of the 2,300/4,000-volt class, 
although there are a few instances where 4,600-volt systems 
have been converted. At the present time there is being 
constructed a 6,900/12,000-volt common-neutral dis- 
tribution system at Wichita, Kan. 

The distinct trend in power distribution practice has 
been, in no small measure, influenced by the improved 
over-all protection features readily obtained by the multi- 
grounded neutral arrangement as well as by certain equip- 
ment savings. The recent emphasis placed on the elec- 
trification of rural areas and the distinct need for maximum 
service continuity on rural power circuits have increased 
the interest in the use of the multigrounded or common- 
neutral method of distribution in rural areas. The rural 
systems are generally of the 7,600/13,200-volt class, 
although 4,600/8,000-volt circuits have been used to some 
extent. 
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The factors affecting inductive co-ordination involved 
in the use of the common-neutral method of distribution 
in rural areas, are somewhat different from those en- 
countered in urban areas. This is largely due to the lower 
load densities, the greater lengths of circuits, higher op- 
erating voltages and to the somewhat different types of 
equipment employed in rural telephone distribution. 
These factors were investigated by the Joint Sub- 
committee on Development and Research during the 
summers of 1935 and 1936 and the more important 
considerations determined.!° 


Factors Influencing Inductive Co-ordination 


In any problem of inductive co-ordination it is con- 
venient to subdivide the factors influencing co-ordination 
into those relating to the inductive influence of the power 
circuit, the inductive susceptiveness of the telephone 
circuit and the inductive coupling between the 2 types 
of circuits. As far as urban distribution circuits are con- 
cerned the load current unbalance of the power circuit 
is usually the controlling influence factor. For rural 
distribution circuits the unbalanced charging currents 
are generally more important than the unbalanced load 
currents. Likewise, in an exchange telephone circuit 
the admittance and impedance unbalances of the 2 sides 
of the circuit are usually the controlling factors in its 
inductive susceptiveness. As far as coupling between 
the power and telephone circuits is concerned this is largely 
controlled by their relative positions and the lengths of 
the exposure. For urban areas their relative positions 
are largely fixed by the normal arrangement of conductors 
and cables on jointly used poles. In rural areas power 
and telephone circuits are generally at roadway separation 
although some joint use exists. In urban areas consider- 
able control can often be exercised over the coupling by 
planning the routes of the main feeds of the 2 services so 


as to avoid long sections of close exposure. In rural areas 


Coleman, Davis—Inductive Co-ordination 19 


where there are no paralleling routes close together it is 
generally necessary for both services to use the same roads 
and therefore the opportunity to control the coupling by 
the co-operative planning of routes is much reduced. 
Certain quantitative indications of the extent to which 
this measure of co-ordination is applicable in the 2 types 
of areas are shown in the illustrative examples in the 
appendix. 


Power Circuits 


Power systems operate, for the most part, at frequencies 
of 60 cycles and below. Telephone circuits, on the other 
hand, depend mainly upon frequencies above about 200 
cycles for the transmission of speech. Ordinarily, there- 
fore, the effects of induction from the fundamental-fre- 
quency currents and voltages in neighboring power lines 
are negligible as far as telephone-circuit noise is concerned. 
It is quite generally recognized, however, that it is im- 
practicable commercially to build rotating machinery 
and transformers which are entirely free from harmonics. 
There are, therefore, harmonics present on all operating 
power systems, and it is the harmonic-frequency com- 
ponents induced into telephone circuits from these power- 
system harmonics that are of major importance from the 
noise standpoint.!! 

In any distribution circuit the harmonic currents pres- 
ent will fall within the following classes: load currents, 
transformer-exciting currents, and line-charging currents. 
With a uni-grounded neutral the load currents and the 
transformer-exciting currents are practically entirely con- 
fined to the wires of the circuit. Where the neutral is 
multigrounded, the vector sum of the currents in the 
phase conductors (residual current) will divide between 
the neutral conductor and the paralleling earth path as 
determined by the relative impedances of these 2 paths. 
Whie there is some variation in the division of the return 
current between the neutral and ground paths, for most 
practical purposes this division may be assumed to be 
about half in each path at all the frequencies of interest. 

As pointed out above, in the case of a line operating 
with uni-grounded neutral, the earth-return components 
of the load and transformer-exciting currents are ordinarily 
negligibly small. However, this is not true of the line- 
charging current which is chiefly a function of the magni- 
tude and frequency of the impressed voltage, the circuit 
length, and, at nontriple harmonic frequencies, of the 
balance of the admittances to ground of the various phase 
conductors. While multigrounding the neutral ordinarily 
increases the earth-return components of the load and 
transformer-exciting currents, it has been found, due to 
the parallel path provided by the neutral wire, on an 
average to decrease slightly the amount of charging 
current in the earth. 

In an urban distribution system where the load density 
is relatively high, the load currents and transformer- 
exciting currents are relatively large and the line-charging 
currents are usually negligible. In such a system multi- 
grounding the neutral results in an increase in the current 
returning through the earth and a consequent increase 
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in the inductive influence of the power distribution system. 

In rural areas, however, where the load density is low 
and the load currents and transformer-exciting currents are 
relatively small, the line-charging currents become sig- 
nificant. In general, under such conditions the multi- 
grounding of the neutral does not increase the magnitude 
of the ground-return current at frequencies of interest 
from the noise-induction viewpoint. Under certain con- 
ditions the magnitude of this ground-return current may 
actually be substantially decreased by the multigrounding 
of the neutral. This effect is more marked for the higher- 
voltage circuits. 

The harmonics present in a distribution circuit may be 
divided into: (1) triple harmonics, that is, the third har- 
monic and odd multiples of it; and (2) nontriple harmonics 
that is, the odd harmonics, starting with and including 
the fifth, which are not multiples of 3. The triple har- 
monics in a 3-phase system are in phase in the 3 line 
conductors so that their residual value (vector sum) is the 
arithmetic sum of their magnitudes in the 3 phase wires. 
The nontriple harmonics are spaced, in time phase, the 
same as the 60-cycle fundamental, and the magnitude of 
the residual current (vector sum) for these harmonics is 
usually much less than their arithmetic sum. If 
these harmonics were perfectly balanced the residual 
current for these frequencies would be zero. In ex- 
posures involving 3-phase sections of line the balance of 
the nontriple harmonics between phases is influenced 
by the degree of balance of the loads and single-phase 
branches, and therefore has an important effect in reducing 
the over-all influence of the power system. In exposures 
involving single-phase extensions, or extensions consisting 
only of 2 phase wires and a neutral wire, this advantage 
of the balancing of the nontriple harmonics is, of course, 
not obtainable. 

The extent to which induction from the nontriple har- 
monic voltages and currents in power-distribution circuits 
can be controlled by power-circuit transpositions is ordi- 


Table IIl*—Relative Importance of Circuit Unbalances 


= = a 


500 Cycles 1,000 Cycles 


Contribution From: Contribution From: 


Type of Service Station Cable Office Station Cable Office 


Individual (bridged ringers)........ Negligible ...3...3..Negligible ..20...20 
Party-line (grounded 8-A ringers) .....100...... 3 a83). Lar LOOtee 20.20 


* See page 72 of volume I of Engineering Reports of Joint Sub-Committee on 
Development and Research, 


narily very limited. Usually, due to the large number of 
exposure discontinuities arising from changes in the power 
or telephone circuits, the power-circuit transpositions are 
quite ineffective. This is particularly true in cases where 
the induction from the ground-return current is control- 
ling. In specific cases where considerable wave-shape 
distortion exists and the induction from the balanced 
voltages and currents may therefore be relatively im- 


ELECTRICAL ENGINEERING 


$}U2IND , Uinjad-punols jO sopnyiuBew a22npai 0} € ainBy ul 
uMmoys }nNoAR] 1ap22j jo yuswiahuesueds 2jQissod jo ajdwexy = “y “Bid 


S500) \-H 
Ol Ol Ss! 
9°907 Ol ee 
1-H i 
Ol (e)] Ol 
rf a. 2, |S rf Ol as 
S| Ni aCe 
‘ (%+)wAM 
a @ cone 
Ol Ol Ol 
ey S| za 
Ol Ol fo) x Ol 
| \ S| S| 
VA | @=Re, Ol g e 473 
Gv) vA 
o1@ OOl-€ Ol Ol 
9-4 
Ol Ol S| S| S| Ol 3-0 
Ol 
a3 Si esi S| SI 
Ss) 9 JAOQBV NOILVYENSISNOD GV3H-310d 
Ol O! "507 WWOIdAL 33S — SNOlLWavd3s 3SN 
3-0 ly -LNIO? LV GSNNSSV SNOILO3S 11V 
v‘°007 Ol oO! 
O! G3LVOIGNI SV VAY 5-9 
x ae —Y3SWYOSSNVYL 3d1ANaS~ 
Ol 01 Ol NO!LVLS nye 
S YIGINOSENS OL SHIM »dOYI, 
Ig 3716V2 “131 WIY¥3Vv 
2-8 37e8vo0 73. GNNOYSYS0NN —B—e- 
Ol Ol S| SNOILYOd 3SVHd-1 
SNOILYOd 3SVHd-2 
ay 430334 40 SNO|LYOd 3SVHd-6 SS 
S| Ol S| GINnGl —aNn3931— 
g-v 
g-v “Logs 
—————— fells ,00SS alt 
HL : aad 
( A NOILWLSANS OL 
NOILVLSGNS OL 
310d u 
GNNO¥SY3aNN 


4 Ol TVI8SV 


Ts 
8 
t 
18 
au 
v 
1 
i] 
i) 
18 


301440 re 
4VULN3D 


Japoay aseyd-aj5uis papeo| Ajiaeay e@ 0} pas 
2424M bose UeQIN Ue Ul ynoAe| 4ap2a2j jo yuawabueue 2/Q!ssod jo ajdwexy “€ “Bi4 


2 


S| 


310d 


GNNOYSY3SGNN 


OL TVWId3SV 


ol 


Ol 


S| 


S| 


Ol 


ol 


Ol 


Ol 


SI 


NOI LVYNDISNOD 
Qv3H-310d 
VWOIdAL 


odxa si ajqe> auoyda)2; jeiee 5uo| 


Ol 


Ol 


Ol 


Ol Ol 


a°9071 
Ol 


Ol 


S| 


S| Sl 


er 
{ve il 


0002 ooo! 


le) 


1334 NI 3qvos ° 
ZLVWIXOddd¥ 


391450 
WYLlNad 


21 


Coleman, Davis—Inductive Co-ordination 


January 1937 


Table IlI—Magnetic Shielding for Various Frequencies and Sizes and Lengths of Telephone Cables and Various Grounding 
Resistances 


Calculated Values of e-/ei (in per cent); er = Voltage Remaining After Shielding and ei; = Voltage Present With Sheath Grounded at One Point 
Only 


Full-Sized Cable 
(2.61 In. Outside Diameter) 


101-Pair 24-Gauge Cable 
(0.85 In. Outside Diameter) 


54-Pair 24-Gauge Cable 
(0.64 In. Outside Diameter) 


1 Mile* 3 Miles* 1/; Mile* 1 Mile* 1/, Mile* 1 Mile* 

Frequency 

in Cycles 

per Second Que* 5 wk 10¥** ov 5” 10” ov ow 10¥ ov 5wv 10¥ ov 5 10¥ ow 5 10¥ 
L805 iarerce oe 14 EC) EDI OTK: : mCnO Ion & Smee) lc norroy Glenna (mere IRGC ny nA) nats mame in vl Goole oot) ooodAl oso cP. 5 AME 
BOOMeGr maaty LUO i) | Cae ENCE: KOE ICL Oey IOs Oct ea he cmea Ot adh cmeestiln aseki? “seantiln.n CGH sean ono. oO 
AD (lint eiss ecto GP a sOy 4s annie ooo eb bo norton Omen coulis oat oaths oe coMlaa ce ol) goonies, geet Win AAS 5 SOB Sic Lei calle. 2H! 
DAO anne eee iy Soo Modo moro Or countless egoeri: comn(@eagedciioncart) coasue@con einen aStl wandierss iO s50o8¥l sco cGBe oot 
660 Se tar cis ster tr Gay SamoIonion i: edo cc? | imu anmioors © emia Mnricy Momo pln Sonar Yap oh aoestl concvfllenceete onon@l. oooaltBoure ol 
TOO Ore igre 3 Nocera Bead Ce call eter ten moe! e ooo nl maa ancolth conse. nedollnsncte? cooshSas co eBons PA rarctlln no oklt 


* Refers to distances along cable sheath between the 2 grounding points. 


** Refers to total grounding impedance (approximate d-c resistance) of the 2 ground connections, expressed in ohms. 


portant, transpositions in power-distribution circuits may 
be found helpful. 

Table I shows the average harmonics present on 3- 
phase 4-wire industrial and residential feeders under 
light- and heavy-load conditions. The reduced magni- 
tudes of the nontriple frequencies in the residual current 
(neutral and ground-return) are evident. The importance 
of this as regards noise induction is further indicated in 
the illustrative examples of the appendix. 

The triple-harmonic currents present on a feeder sup- 
plied from a delta-star substation transformer bank are 
generally due to the exciting currents of the single-phase 
load transformers. Under this condition no excessive 
triples are impressed on the feeder at its source as is 
sometimes the case where the source is a star-connected 
grounded-neutral generator directly connected to the 
feeder. The exciting currents flow from the individual 
single-phase transformers toward the delta-star trans- 
former in the substation. The presence on the feeder of 
a large 3-phase star-delta load transformer with its 
neutral connected to the system neutral, provides a paral- 
lel path for supplying part of these triple-harmonic ex- 
citing currents as well as part of the unbalanced non- 
triple and fundamental currents and, under certain con- 
ditions, may substantially decrease the over-all inductive 
influence of a feeder by reducing the ground-return cur- 
rent flowing through an exposure. The effect of such 
a connection in reducing the noise is dependent upon the 
location of the bank with respect to the exposure and its 
relative impedance to the various harmonics as compared 
to that of the path back to the substation. From the 
power operating standpoint such a bank tends to supply 
part of the unbalanced load and also, in case of the in- 
terruption of one phase between it and the substation, 
tends to supply the power to that portion of the phase 
still connected to it. Under certain conditions, the action 
of such a bank may prove detrimental to the operation of 
the power feeder due to its action in attempting to balance 
the voltages at the point of its connection to the feeder. 
Under other conditions the neutral of an existing bank 
can readily be connected to the feeder neutral with dis- 
tinctly beneficial effects on the inductive influence and 
with little or no adverse effects on the power-system 
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operation. The tendency of such banks toward noise re- 
duction and toward unbalanced load supply is shown in 
2 of the illustrative examples in the appendix. 


Telephone Circuits 


The voltages induced into a telephone circuit may be 
divided into: (1) metallic-circuit induction, that is, a 
voltage induced between the 2 sides of the circuit with 
a resultant current flowing around the circuit; and 
(2) the longitudinal-circuit induction, that is, a 


Table I¥—Relative Susceptiveness of Several Types of 
Station Sets 


Noise in Receiver Branch for 100 
Noise Units to Ground— 
Average Power Wave Shape 
General Description of Station Set (One Station on Line—Effect of Set Only) 


Class 1—Types of Sets in Most Common 
Use Today 

(a) Side-tone type of party-line set using 

8A ringers or equivalents (one end of 

ringer grounded). (Common-battery 

talking and signaling) 

(b) Same type—local-battery talking 

(c) Magneto party-line set (52A ringer 

or equivalent) 


350 noise units, approximately 


120 noise units, approximately 
120 noise units, approximately 


(d) Individual-line set—any type Negligible 
Class 2—Types of Sets Frequently En- 

countered 
(a) Side-tone type of 4-party full-selec- Negligible 


tive or 8-party semiselective set (using 
relay or cathode tube to connect ringer to 
circuit during ringing period) 

(b) Four-party selective or 8-party 
semiselective sets employing high im- 
pedance ringers or relays connected to 
ground 

(c) Eight-party selective (harmonic 
ringing) sets employing ringers connected 
to ground and tuned to 4 different ring- 
ing frequencies 


About 30 noise units 


Limited data indicate that, de 
pending on frequency for which 
ringer is tuned, noise will range 
from about 100 to about 400 
units 

(d) Ground-return rural circuits (usu- 3,500 or more noise units 

ally of magneto type and having code 


ringing) 


Class 3—Special Types of Sets 

(a) Side-tone type of party-line set 
using split-condenser and higher-imped- 
ance ringer (one end of _ ringer 
grounded) 

(b) Type of party-line set using split- 
condenser arrangement with 8A ringer 
or equivalents (one end of ringer 
grounded) 


About 20 noise units 


About 90 noise units 
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voltage induced along the conductors such that the re- 
sultant current flows in a circuit having the telephone 
conductors as one side and the earth as the other. This lat- 
ter voltage may also result in noise, due to its action upon 
telephone-circuit unbalances, setting up currents in the 
voice channel (metallic circuit). For either type of 
voltage, the induction may be ‘‘electric,” that is, from 
the voltage on the power circuit, or ‘‘magnetic’’ from 
the current in the power circuit. 

The local telephone circuit may be divided into 3 parts: 
(a) the central-office equipment, (>) the line conductors, 
and (c) the subscriber equipment. Interoffice circuits 
include only the first 2 items. 


(a) CENTRAL-OFFICE EQUIPMENT 


The central-office equipment associated with a sub- 
scriber circuit consists essentially of 2 elements: (1) line 
signaling equipment connected to the circuit for indicating 
to the operator, or to the dial equipment, the desire of 


CENTRAL 
OFFICE 


a subscriber to start a call; and (2) a linking or switching 
circuit or circuits for interconnecting 2 subscriber circuits 
either directly or through intervening trunk circuits and 
providing supervision during the call. 

The line signaling equipment with its associated relay 
is either bridged across the line or arranged so that when 
2 subscriber circuits are interconnected, any ground con- 
nections on the line relays are automatically opened. The 
line signaling equipment is not, therefore, ordinarily a 
factor in noise considerations. Occasionally, however, 
the effect on noise of the ground connection on the line 
signaling equipment requires specific treatment when the 
longitudinal-circuit induction is sufficiently high. The 
noise in such instances occurs either during the pre- 
answering period before the line relay is “‘cut-off’’ or, 
in certain types of switchboards, on conversations between 
2 persons on the same line (party-line) where the use of a 
switching circuit in the office is unnecessary. 

The linking or switching equipment in the central 
office may consist of a pair of 
wires with bridged supervisory 
relays, as in the case of a mag- 
neto office, or may be a compli- 
cated arrangement of relays, re- 


TO LOADS ~ peating coils, condensers, etc., 

S AOS ias po aa eee as in the case of common-battery 

60 KVA- PH.C ——]| = sill offices of the manual or dial 
dats oe ee ee 

3 PHASE 3 -6— ooo } type. The necessary ground 

{I Ow | @!0 BLocaTion connections of the latter type 

AERIAL TO UNDER- oie iee -G-H H-I B F 

GROUND POLE = g.-c| |] +7315 ~ of apparatus introduce the pos- 

YA | 2 sibility of the unbalances in the 

equipment contributing to the 

F—| __|suBsTATION lo amp 6 : 

— over-all noise when the longi- 

is iy 10 tudinal-circuit induction on the 

° " x outside conductors is impressed 

DLE 15 fe) on the switching circuits. Ordi- 

Te) D-J Siig = 

“SH TYPICAL POLE-HEAD PHASE narily in urban areas, due either 

a END OF CABLE | | ?!° CONFIGURATIONS Nec) to the frequency make-up of 

B Wi, A aaa) the longitudinal-circuit induc- 
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10 y 3! wh N ee JK FIGURE tion or to the relationships of the 
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5 FOR POWER- various impedances to ground, 
CONDUCTOR the amount of noise contributed 


CONFIGURATION 
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Ge Nip 


by the central-office equipment is 
relatively low. This is readily 
evident from table II which 
shows, at 500 and 1,000 cycles, 
the relative proportions of over- 
all noise due to the action of 
induced voltages on _ station, 
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3-PHASE PORTION OF FEEDER 


SECTION L-M ay! i id a 
RO. AADWAY |- “a “ “ u 
SEPARATION ——ER— UNDERGROUND TEL. CABLE 
40’ — AERIAL TEL. CABLE , 
“DROP” WIRE TO SUBSCRIBER S 
STATION 

PROTECTED TERMINAL FEEDING 
= OPEN-WIRE TELEPHONE PLANT 

—e— SERVICE TRANSFORMER — 

KVA AS INDICATED 


ALL SECTIONS NOT SPECIFICALLY 
INDICATED ARE AT JOINT-USE 
SEPARATIONS WITH POLE-HEAD 
CONFIGURATIONS AS SHOWN IN 
TYPICAL LAYOUTS 
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cable, and central-office unbal- 
ances. Casesarise, however, quite 
frequently where the relative cir- 
cuit impedances or the frequency 


Fig.5. Example of exposure con- 

ditions between 2,300—4,000-volt 

distribution feeder and exchange 

telephone plant in suburban and 
rural area 
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make-up of the induction or both are such that the noise 
contribution from the unbalances in the central-office 
equipment becomes important. Such cases usually involve 
long subscriber or interoffice trunk circuits and particularly 
where sections of open-wire construction are present. 
Values of the unbalances in certain types of central- 
office equipment are given on page 91 of volume I of the 
Engineering Reports of the Joint Subcommittee on De- 
velopment and Research. 


(b) LINE CONDUCTORS 


Where the telephone line conductors are in open wire, 
the induced voltage between conductors (metallic-circuit) 


Table V—Noise Contributions (Figure 3) of Various Har- 


monics and Sections of Exposure 


Approximate Noise Contribution 
(Noise Units) From: 


Section RMS Magnitude Approximate 
of of Residual Total Noise 300 Cycles and 
Exposure Current in Contribution* 180 Cycles Higher 
Amperes (Noise Units) Frequencies 

EY 3 ae gee aa tg SD ROP epehceee tea ace. WD AO) Ctarcbacstss cts QT ies seve cete 1,215 
9 Bd Orr a eee SZ oka Beest pe cus tex PTS Oy fe en cites tes PRS ease oro ont 1,100 
VD (es Reena ae ee BONO R.arsekes. caren SO Oar cme LOO Sate opesaerecs 490 
BEGAN ais xhacsgaycscie ls BIO ms sahe ens 508 G20 oe ieeuccerepens 2,800 


* Location C—For party-line service using 8A ringers, during heavy power loads. 


Table VI—Comparison of Effectiveness of Various Remedial 
Measures (Figure 3 Conditions) 


es 


Approximate Noise Units on Party-Line 
Stations (Heavy Power Loads) 


Type of Remedial Measure Location A or B Location C 
1. Before applying remedial meas- 

(ECE Sari OOGOID OOD OOO MORONS 5 COOnTS S 1 BOO cevew se ae 2,870 
2. Using special telephone station 

SOUS. ci sionare sty vie err enshd miele A sieve eleae eta eS T Bicros rng weisacisers 125 


3. Avoiding exposure in section 

A-B by co-operative planning 

SHSTOULES 5 ataid a 82 pole ate ee ane eee aia fey ony. te OOO ein drencsesiacsey 4 1,630 
4, Cable-sheath shielding by tying 

aerial and underground tele- 

phone cables at junction pole 

and connecting aerial sheath to 


l-ohm ground at point X...........-... DUG Oi severe fasts 1,700 
5. Interconnecting 300-kva_ star- 
delta bank with system neutral....... VAS Ole ene ssitreat ake 1,600 
170 kva of unbalanced 
load 


6. Combination of measures 3, 4, 


as well as along these conductors (longitudinal-circuit) 
must be considered. The direct metallic-circuit induc- 
tion can be greatly reduced by systematic transpositions 
in the telephone circuit. Due to the physical limitations 
in a practical layout of telephone transpositions, the re- 
duction in metallic-circuit induction is, on the average, 
from 60 to 80 per cent on nonpole pairs and about 90 
per cent on pole pairs. Transpositions also tend to lessen 
the capacitance and inductance unbalances of the 2 sides 
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to ground and to other circuits, thereby reducing the effect 
of the longitudinal-circuit induction on such unbalances. 
The improved balance of the mutual impedances between 
the various telephone conductors is, of course, distinctly 
beneficial in reducing cross talk, and transpositions are 
generally used for limiting the cross talk where open- 
wire telephone circuits extend for substantial distances. 

The construction of telephone cables is such that there 
is inherently very close spacing between the conductors, 
and they are frequently transposed due to the continuous 
twisting of the pairs in manufacture. Due to this close 
spacing and frequent transposing there is practically no 
voltage induced between the wires of a cable pair or quad 
(group of 4 conductors). The unbalance to ground of 
the conductors of the present type of cable is so small that 
it is not ordinarily a contributing factor to noise induction. 
It may be noted, however, from table II that in cases 
where the central-office unbalances are of importance, 
the effect of shunt or series unbalances in the cables also 
needs consideration. 

The lead sheath of a telephone cable provides practically 
perfect shielding against induction from power-system 
voltages when it is grounded at one or more points. The 
sheath likewise provides substantial magnetic shielding 
when it is grounded more or less continuously, as in under- 
ground construction, or is grounded at both ends of the 
aerial section or near both ends of an exposure. The 
degree of magnetic shielding effected varies, depending 
on the size of the cable and the resistance of the ground 


Table VII—Noise Contributions (Figure 4) of Various 


Harmonics and Sections of Exposure 


Noise Contribution (Noise 
RMS Magnitude Units) From: 
Section of Residual 


of Current 


Total Noise 


Contribution* 300 Cycles and 


Exposure in Amperes (Noise Units) 180 Cycles Higher 
ASB acihoetcccress 6. Ssteomoter 280 Warciemerette 270 sae 75 
Do Dement cubic Cuan ee 4G ew Sixeexcute rs LO cstasts spate eiore 2505 cy avocten 275 
YS IAB A Coen: OS 545 o. adc seu oi PSO vac sivstscecece 100. a crane 115 

Total Svc. BO coe seine ciate G20 area 375 


* Location C—for party-line service using 8A ringers, during heavy power loads. 


connections, reaching optimum values of over 90 per 
cent. Table III gives the magnitude of this shielding 
for various selected sizes and lengths of cable. Table III 
brings out distinctly the variation in the magnetic shield- 
ing due to the factors mentioned above. The effect of 
cable sheath shielding in several typical cases is further 
indicated in the appendix. 


(c) STATION APPARATUS 


Individual-line stations employ a “bridged” ringer 
connection, that is, the ringer is, in effect, connected be- 
tween the 2 line conductors. However, for selective 
signaling purposes party-line stations, frequently have 
the ringer connected, in effect, between one of the line 
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conductors and ground. The unbalance of the party-line 
station equipment is therefore affected by the impedance 
of the ringer and its point of connection in the station 
equipment. The relative susceptiveness of several types 
of station sets to noise-frequency induction is shown in 
table IV. 

Table IV shows that, with advance planning in areas 
where noise induction is or may likely become a matter of 
importance, much can be accomplished by the use of 
station sets of decreased inductive susceptiveness. Where 
such types of apparatus are substituted in existing plant, 
except in gradual replacements or in connection with 
general rearrangement programs, the expense is, naturally, 
increased. 


Inductive Coupling 


As stated above, the inductive coupling between ex- 
change telephone plant and power-distribution circuits 
in urban areas is largely controlled by such factors as 
the street layouts and the joint use of poles. However, 
by co-operative planning of routes it is frequently prac- 
ticable to secure lower coupling by avoiding long exposures 
between the main feeds of the 2 plants. As shown by the 
illustrative examples this procedure is, where applicable, 
very beneficial. 

In rural areas where both distribution services must 
ordinarily be carried along the highways the opportunity 
for controlling the coupling between the 2 classes of 
circuits by co-operative planning of routes is much re- 
duced. 

Some benefit may be gained, however, in the case of 
open-wire construction, particularly at joint-use separa- 


Table Vill—Comparison of Effectiveness of Various Remedial 
Measures (Figure 4) 


_— = 


———==—3 


Approximate Noise Units on Party-Line 
Stations (Heavy Power Loads) 


Type of Remedial Measure Location A or B Location C 
1. Before applying remedial meas- 

10 SEROTEC ONS OT MOIR ONO RES OUI ZI Vesomonihia tt oc dete 735 
2. Using special telephone station 

OES taterevetehenerens Nene fale vis in Vier eis hicce ey cueicay ars awelte PASHR LURES arn es Oe oe 40-50 
3. Avoiding exposure in section a-b 

by co-operative planning of 

POUT ES rie hetero te cote falar stiel us she plariens bear LOO en sxieceean saree 460 
4. Interconnecting 300-kva_star- 

delta bank with system neutral........ &5) OMe ripen hia tho pote 535 

26 kva of unbalanced 
load 

5. Cable-sheath shielding—ground- 

ing at junction pole and to l-ohm 

ee LOMINGCA by een deer ties 0 since ve (ornuleys selotai ata sa pr oe BZD Ae aka dscns toiiontters 420 
6. Combinations of measure 3, 4, 

Wee Uh. teacher co. ORS BIMONA Cae) ROI PON RONG SOcgeeese neat a 245 


tions, by arangements of the conductors on the pole so 
as to avoid excessive spacings. As shown on figure 2, 
certain arrangements tend to minimize the amount of 
noise induction arising from the power-circuit voltages 
and currents. This beneficial effect is, however, much 
less noticeable at roadway separations. 
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Summary and Conclusions 


Since about 1915 there has been a continued increase 
in the use of the multigrounded or common-neutral 
arrangement of power distribution in this country. At 
the present time, approximately half of the distribution 
is by 4,000-volt multigrounded or common-neutral cir- 
cuits. A large part of the higher-voltage rural distribu- 
tion is also operating with this arrangement. 

In general it may be said that for the lower-voltage 
2,300/4,000-volt distribution circuits, the use of the 


Table IX—Noise at Various Locations (Figure 5) and 
for Various Types of Telephone Service 


Contribution (Noise 
Units) From: 


Type of Total 
Loca- Telephone Noise Cable Open-Wire 
tion Service Units Exposures Exposures Remarks 
A..1. Common- Open-wire noise de- 
battery pendant on effective- 
party-line 225-345...220-270.... 45-215 ness of telephone 
stations transpositions 
(class l-a 
table IV) 
2. Magento 
party-lines 85-225... 75 app......40—215 
(class 1-c Lower values of noise 
table IV) on circuits controlled 
3. Individual About by effects of station 
line 40-210.... 25-35.....10-210 sets — higher values 
(class 1-d by effectiveness of 
table IV) telephone transposi- 
By. esos dass 17 0=1,200:..,, 10-100, -170-1,1902. tions 
DIRE ots 75-1,175.. 20— 35.. 70-1,175 
GAR error 60-1,175.. About 20.. 55-1,175 
GB 1 Piast 400-975.. 285-325.. 275-925 Noise in cable section 
Dis dav sins sevens 150-870.. 110-125.. 110-860 due to office and 
BAS SASno 100-860. . 60.. 75-860 cable unbalances 


multigrounded or common-neutral arrangement may be 
expected to increase the inductive influence of the power 
circuits. Unless attention is given to co-operative plan- 
ning to secure features beneficial from the inductive-co- 
ordination standpoint, noise problems may result either 
in restricted or extensive areas. With proper attention to 
the co-ordination features? such noise situations as de- 
velop are largely in the nature of isolated cases and can 
usually be cared for by relatively minor changes or ad- 
justments in either or both plants. 

For the higher-voltage (11-13 kv) rural distribution 
circuits, there seems to be little difference, from the noise- 
induction standpoint, between the uni-grounded 4-wire 
system and the multigrounded or common-neutral ar- 
rangement.’ Under many conditions the placing of 
multiple grounds on the neutral will result in noise re- 
ductions due to the effect, previously mentioned, of the 
multigrounded neutral on the line-charging currents. 
It is interesting to note that experience to date with the 
multigrounded or common-neutral circuit in rural areas 
has shown that many of the measures of co-ordination 
applicable in urban areas will prove similarly helpful in 
rural communities. 

The measures of co-ordination which investigations 
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and operating experiences have shown to be practicable 
and effective include: 


1. Co-operative planning by both parties to avoid not only severe 
exposure conditions but also types of equipment likely to aggravate 
the possible noise-induction situation. 


2. Areasonable degree of balance of the loads between the 3 phases 
of the power circuit. In the higher-voltage rural circuits this also 
includes the lengths of branches consisting of 1 or 2 phase wires and 
neutral. 


3. The avoidance of unnecessarily heavily loaded branches con- 
sisting of 1 or 2 phase wires and neutral. 


4. The prevention of excessive overexcitation of transformers. 


5. The grounding, where necessary, of aerial telephone cables at 
or near both ends of an exposure to obtain the benefits of magnetic 
shielding. 


6. The use of adequately co-ordinated telephone transpositions on 
open-wire extensions and the avoidance of severe unbalances in the 
open-wire conductors. 


7. The correction of badly distorted voltage or current wave 
shape on the power system. 


8. The connection of the neutral point of 3-phase star-delta load 
banks to the system neutral conductor. 


9. The use of telephone station apparatus, on party-line service, 
of lower susceptiveness. 


10. Occasionally the use of arrangements or apparatus to minimize 
the effects from unbalances in central office equipment. 


It is, of course, essential in successfully co-ordinating 
the power distribution and telephone circuits that, as in 
other co-ordination situations, the power and telephone 
people view the matter as a mutual responsibilty and 
fully co-operate in the application of the tools available. 
Experience over a period of years has now shown that 
where this is done adequate over-all co-ordination can be 
readily secured.” 


Appendix 


For the sake of brevity, the detailed calculations and some of the 
minor assumptions for the following examples have been omitted. 


Illustrative Example 1 


The purpose of this example is to show, for average power-system 
wave shapes: 


1. The noise-induction problem that might be created by the ex- 
posure of a reasonably long aerial telephone cable in an urban area 
with a heavily loaded single-phase feeder. It features: 

(a) The relative importance of triple and nontriple harmonic 
induction, and 

(6) The extent to which planning of routes, grounding of cable 
sheaths, etc., might improve the situation. 


2. The change in the noise magnitudes for the same situation with 
the various single-phase loads well distributed among all 3 phases. 
Under this condition, attention is directed to: 

(a) The change in the relative importance of the triple and non- 
triple harmonic induction. 

(6) The amount of reduction obtained by the same remedial 
measures tried in 1-b above. 

Figure 3 shows a possible method of supplying the single-phase 
loads in a rather extensive part of an urban area. The general 
layout shown in figure 3 is such that all of the current for the feeder 
area traverses a considerable part of the exposure. Under this 
quite extreme condition—essentially single-phase supply for a 
relatively large area—the noise at location C under heavy-load con- 
ditions would be about as shown in table V. 
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Table X—Comparison of Effectiveness of Various Remedial 
Measures 


Approximate Noise Units at: 


Location A Location B Location C 
Type of Remedial; =.,c0s.5.p seen enn 
Measure 2, 3 1 2 3 1 2 3 
1. Before apply- 225- 85- 40- 170- 75- 60- 400-— 150- 100- 
ing measures.. 345 225 210 1,200 1,175 1,175 975 870 860 
2. Using special 40- 40— Neg. 60- 60- Neg. 100-100-— Neg. 


telephone sets. 210 210 change 1,175 1,175 change 860 860 change: 
3. Avoiding ex- 
posure section 
B-C by co-oper- 130- 65- Neg. 
ating planning 250 220 change 
4. Interconnecting 
neutral of 150- 180-— Neg. change 
kva star-delta 310 
Danka. -ote 
5. Average degree 
of co-ordinated 
telephone trans- 
positions,..... 250 80 50 200 175 175 
6. Telephone trans- 
positions + ca- 


3850- 115-— Neg. 
950 860 change: 


Neg. change 


150— Neg. change 370- Neg. change: 
1,175 950 


3840 175 130 


ble - sheath 

shielding** ,.. 210 70 50 180 175 175 3820 165 130 
7. Combination 

of 4,5,and6.. 185 65 50 160 155 155 310 160 125 


* Type of station apparatus shown on table IX. 
** Cable was assumed to be grounded at junction pole at end of section F-G to: 
2.5-ohm ground; at other junction poles to grounds exceeding 10 ohms. 


It is evident from table V that most of the party-line stations. 
fed by the aerial telephone cable would need treatment. It will 
be noted from table VI that completely replacing the existing party- 
line stations with special station apparatus will, to a large extent, 
care for the situation since, in this case, the amount of noise con- 
tributed by the cable and central-office unbalances would aggregate 
less than 150 units. Other measures either singly or in combination, 
probably more economical in their application, would provide sub- 
stantial reductions in noise, but would not be adequate for the more 
severely exposed stations. 

Assume, however, that instead of supplying the single-phase 
loads in the area shown on figure 3 from one phase only, the single- 
phase loads were distributed reasonably uniformly among the phases. 
This would be advantageous not only by the noise-reduction possi- 
bilities, which will be more fully discussed, but also by the improved 
regulation attainable on the feeder. Figure 4 shows a possible 
rearrangement of figure 3 along these lines and table VII shows the 
noise conditions with the feeder arrangements of figure 4. ; 

A comparison of tables V and VII shows that the noise from the 
nontriple harmonics has been very materially reduced by the 
balancing of loads made possible by the more favorable feeder 
arrangement of figure 4, although that from the triple harmonics. 
has been inappreciably changed. The net effect has been a reduc- 
tion of nearly 75 per cent in the noise on the party-line stations 
served by the telephone cable. The reductions afforded by various 
remedial measures are shown in table VIII. 

It is evident from table VIII that, by the application of various 
of the measures of co-ordination, the need for an extensive rearrange- 
ment of either plant is avoided. 


Illustrative Example 2 


The purpose of this example is to show the extent to which 
remedial measures of the type generally applicable in urban areas. 
(see example 1) may be applied in a less thickly settled area where 
exposures to 2.3/4-kv multigrounded-neutral arrangements are 
encountered under average conditions of power-system wave shape. 
In detail the example covers: 

(a) The extent to which such measures as co-operative planning 
of routes and use of star-delta load banks may be ineffective. 

(b) The importance, particularly under joint-use conditions, of 
noise directly induced into the metallic circuit of open-wire tele- 
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Two-Reaction Theory of Synchronous Machines 


By S. B. CRARY 


ASSOCIATE AIEE 


HIS PAPER is an ex- 
tension of the method 
of analysis by R. H. 
Park!)*? in that the effect of 
armature circuit capacitance 
is included in the general 
equations for the perform- 


circuit. 


An extension of the 2-reaction theory of 
synchronous machines as developed by 
R. H. Park is given in this paper for ma- 
chines having capacitance in the armature 
General equations for predeter- 


Ga(p) = operator relating the direct- 
axis armature linkages 
with the direct-axis field 
excitation voltage 

Gq(p) = operator relating the quad- 
rature-axis armature flux 
linkages with the quad- 
rature-axis field excitation 


Bee oiea(Silienit-pole syn. mination of the performance under certain J ate a 
Brronolieemachine. These abnormal conditions of machines having 5 Seis 
equations are of sufficient balanced 3-phase capacitance in the arma- Eya = direct-axis field-excitation 
generality so that the opera- eui voltage : ‘ 
Batieiey se nchronoie or in. ture circuit are presented. Efq = quadrature-axis field-exci- 
duction machine havi tetonvonet: 

€ avins ed = direct-axis armature vol- 
balanced 3-phase capaci- tage 
tance in the armature circuit can be predeter- ¢ = quadrature-axis armature voltage 
mined for the condition of 38-phase short cir- ® = panes Sa See 
cuit, sudden application of capacitance load, self- ¥¢ = ciect-axls armature dux linkages 

F z 5 f / 3 i vq = quadrature-axis armature flux linkages 
excitation, running out of synchronism, hunting, wo = zero-sequence armature flux linkages 
pulling into step, etc. The method of approach is ig = direct-axis armature current 
such that the general impedance operators which ‘ = quadrature-axis armature current 
ave been utilized by recent writers*" can also be % = 2fo-seduence current 
Cay Cby Cc phase voltages 


used in studying the effect of capacitance in the arma- 
ture circuit. Such impedance operators include the 
effect of additional rotor circuits. It is believed that 
a theoretical basis for the study of the performance 
of synchronous or induction machines as influenced 
by capacitance is particularly important at this time, 
with the increased use of series and shunt capacitors 
for voltage regulation purposes. 

An interesting application of the general equations 
is to the problem of self-excitation of a machine con- 
nected to a circuit containing capacitance. Criteria 
are developed which indicate the regions in which 
self-excitation may occur for the case of a synchro- 
nous machine connected to a capacitance load or 
through series capacitance to a system. 


List of Symbols 


All constants are in per-unit values in terms of 
normal kilovolt-amperes and voltage, and correspond 
wherever possible with established nomenclature. 


%¢ =1/c= capacitance reactance 
Xd synchronous reactance of direct-axis armature circuit 
xa’ direct-axis transient reactance 

if direct-axis subtransient reactance 


| 


Xd 

xd(p) impedance operator relating the direct-axis armature flux 
linkages with the direct-axis armature current 

xq = synchronous reactance of quadrature-axis armature circuit 

xq’ = quadrature-axis transient reactance 

xq” = quadrature-axis subtransient reactance 

xq(p) = impedance operator relating the quadrature-axis armature 


flux linkages with the quadrature-axis armature current 
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Za, tb, tc += phase currents 
Ya, Yb, Wc = phase flux linkages 


= slip 
= time in electrical radians; unit time is the time required 
for the rotor to pass one electrical radian at normal fre- 
quency 

angular displacement in electrical radians 

Heaviside’s unit function 


General Analysis 


This analysis is based on the definition of an ideal 
synchronous machine as given in reference 1. A 
knowledge of the material in references 1 and 2 by 
R. H. Park is assumed in the following development. 

Park gives the following relations: 


2 
a = - [ig cos 0 + ip cos (9 — 120) +2, (cos 6 + 120)] 


2 
ion as [ig sin 0 + zp sin (@ — 120) +2, (sin @ + 120) ] 


eg = : [eg cos 8 + ep cos (@ — 120) + e, cos (@ + 120)] 
; (2) 
fear [ea sin 6 + ep sin (@ — 120) 4 e,sin (8 + 120)] 


Wd ; [Wa cos 0 + pcos (6 — 120) + ¥,- cos (@ + 120)] 
(3) 


Y=- : [Wa sin 6 + Wp sin (6 — 120) + ¥, sin (@ + 120)] 
€a = Pla — ria 


eb plo — rtp 
ec = b¥e — Lr t¢ 


(4) 


SS ee 
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and 
va = Ga(p) Eya — xa(p)ta | (5) 
vq = Gq(b) Efg — xq(b)tg 


If the effect of armature circuit capacitance is to be 
included, equations 4 become 


(it (i ath | F — | ta 
e py > | 
Xe \. 
eb ~ pvv— (r+) Cc 
p 
(3) | 
“= Cait NO sy real KZ 
é py > 
or 


pea = bP? ba — (br + Xe) ta 
per = Py — (pr + x¢) t 
pec = PP Ye — (pr + xX) tc 


Differentiating equations 2, 


| (7) 


pea = = [008 8 pes + cos (0 — 120) pep + cos (0 + 120) peel — | 


; [eg sin 6 + ey sin (6 — 120) + e, sin (6 + 120)] pa 


(8) 
peg = — ; [sin 6 peg + sin (@—120) pep + sin (@ + 120) pec] — 


: [ég cos 6 + ep cos (9 —120) + e¢ cos (8 + 120)] p80 
Using equations 2 and 7, equations 8 become 


pea— gpd =; [cos0p*Wa +-cos(@ — 120) p*y_-+cos(6+120) p?y<] — ) 


r [cos @ Pig + cos (9—120) pip + cos (0+120) pic] — 


Wl Wid 


X¢ [cos 0 ig +cos(0 — 120)2, +cos(6+120)i¢] 
(0) 
pegt+eape= -: [sin6p’ya+sin (6 — 120) p?y~5 +sin(6+120)p2y-] + 


; r[sindpig+sin(6 —120)pi,+sin(9+120)pi-] + 


2 ee : 
5 x¢[sin@z7g +sin(@ —120)zp+sin(@+120)7¢] 


In order to express equations 9 in terms of direct- and 
quadrature-axis quantities rather than phase quanti- 
ties, the following relations will be used. Differen- 
tiating equations 3, 


pya= ; [cos@pya +cos(4 — 120) py +cos(6+120) pyc] +Wqp0 
(10) 
pvg= - [sinOpya+sin (6 — 120) pyo+sin(0+120) p<] — apo 


Differentiating equations 10, 
Brva = | [cosep'ya+cos(d—120)p4y»-+cos(0-+120)p%¥c] — 


; [sindpya+sin (6 — 120) py»+sin(0+120) py<] p+ 


PObY a+ qb?O (11a) 
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Pq = - ; [sindp’ya+sin(@ — 120) p2y,+sin(0+120) pyc] — 


- [cos@pwatcos(@ —120) py +cos(6+120) py] pO — 


popya—wap'd (11b) 
Substituting equations 10 in equations 11, 
; [cos 6 p2¥q + cos (0— 120) p2yy + cos (6 + 120) pvc] = 
Hye er be) ei 26 -- 
Pha — 2pOphq — Wa(H0)? — vob (ins 


= [sin 0 bq + sin (6 — 120) py) + sin (6 + 120) pyc] = 
Pbq + 2pOpWa — vq(pO)? + Wap? 


Differentiating equations 1, 


= [cos0pig+cos(6—120)p1,+-cos(0+ 120) pi-] = pig—tgp9 — 


(13) 
; [sin@pig+sin(@ —120) pip +sin(0-+ 120) pic] = pig + iapO | 
Substituting equations 1, 12, and 13 in equations 9 — 
and simplifying, 
plea—phatriatyqp))+xcta = p0(eg—plgtriq— paps) 
Dleq—Plqgtrig— Yap) +xctq = —pb(ea—phatriat qh) 


(14) 
(15) 

The expression for the zero-sequence voltage may 
be obtained by substituting equations 6 in the equa- 


tion for the zero-sequence voltage given in reference 
2, equation 6. Th’s yields 


Xe 5 
éo = Pho — (-+%)é 


(15a) 
’ a 


where 


1 
vo 3 (ta + vo + ve) 


A. * : 
fe aaa (ta + % + tc) 

Equations 14, 15, and 15a can be used directly in 
place of equations 8, 9, and 10 of reference 2 in order 
that the effect of balanced armature circuit capaci- 
tance can be included in determining the performance 
of a synchronous machine. It may be noted that if 
x. = O, the case when ¢ = ~ , the solution of equa- 
tions 14, 15, and 15a is that given by equations 8, 9, 
and 10 of reference 2. 

In the following are applications of equations 14 
and 15 to problems involving the performance of a 
synchronous machine and balanced capacitance. 


Application to Self-Excitation 
of a Synchronous Machine 


The phenomenon of self-excitation of a synchro- 
nous machine connected to a capacitive load or to a 
system through series capacitance is evidenced by 
the building up of machine armature voltage to 
values which are limited by machine or circuit satura- 
tion, it being impossible to control completely the 
terminal voltage by variation in the field-excitation 
voltage. A common cause for the occurrence of the 
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phenomenon is the connection of a synchronous ma- 
chine to a transmission circuit whose line-charging 
kilovolt-amperes exceed the line-charging capacity of 
the generator. The following analysis indicates the 
regions in which this phenomenon will and will not 
occur. Saturation can be neglected in such an analy- 
sis as its effect is chiefly to limit the voltage of self- 
excitation and not to alter the values of circuit con- 
stants which cause it to occur, except for the case 
when the initial excitation is high enough to produce 
appreciable saturation. 

Consider the case of a machine running at con- 
stant speed with constant excitation voltage and con- 
nected to a balanced shunt capacitive load or through 
a balanced series capacitance to an infinite bus, p9 = 
(1—s), AFya = AF, = 0. Substituting equations 5 
in equations 14 and 15 for these conditions and sim- 
plifying, 


pea—(1—s)eg = {[(1—s)?—p*]xa(p) —pr—xc}iat 

(1—s)[2px¢(p) +r]ig (16) 
pegt+(1—s)ea = —(1—s)[2pxa(p) +7] ta-+ 

{[(1—s)?—p*] xq(p) —pr—xc}ig (17) 


Solving equations 16 and 17 simultaneously for the 
currents 7 and 7,, 


{(p2+(1—-s)"]Zq(p) + pxc}ea + 


{{p2-+(1 —s)?] (1 —s)xq(p) — (1 —s) xc} eg (18) 
A(p) 
{ [p?-+(1 —s)?] (1 —s)xa(p) —(1—s) xe} ea — 

ig = Lett =5)"1Za(b) +x} ea (19) 
: A(p) 
where 
A(p) = [p?+(1—s)*][Za(p)Zq(p) + (1-5) 2xa(p) xq(p)] + 

xe[pPZa(p) +PZq(p) — (1 —s)2xa(p) —(1—s)?2xq(p) +x] (20) 


and 


Za(p) = pxa(p) +7 Zab) = pxq(h) +1 


The currents 72 and 7, will increase indefinitely if 
any of the roots of the denominator of the opera- 
tional expression for 7, and 1,, which is obtained by 
rationalizing A(p), have positive real values. There- 
fore, the criterion of Hurwitz!! or of Routh,!” for de- 
termining if a positive real root exists, can be used 
for testing whether or not self-excitation will occur 
for a given set of machine and circuit constants. 

Equation 20 is a general expression which may be 
used for determining if self-excitation will occur in a 
salient pole or a symmetrical rotor machine having 
any number of rotor circuits. 

Using the roots of the denominator to determine if 
self-excitation will occur is similar to the method 
employed by M. Takahashi. He analyzed quite 
completely the case of a symmetrical rotor machine 
with a single rotor winding and to a limited extent a 
salient-pole machine with a single field winding. 
When the same special cases were studied the results 
obtained from equation 20 were found to be in gen- 
eral agreement with his work. 

An analysis by Rudenberg’ based on graphical 
methods describes the chief aspects of the phenome- 
non and can be used for determining the effect of 
saturation in limiting the voltage of self-excitation. 
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The graphical method of analysis is limited, however, 
in that it cannot be used for a quantitative determi- 
nation of the effect of additional rotor circuits on the 
regions of self-excitation. 

Consider the special case of a salient-pole machine 
running at synchronous speed, with no rotor circuits 
other than the direct-axis field circuit. For this 
CASG, S) =" 0). 


_ xa'Top + xd 
la re Te 
and 
Xq(p) = xq 


Substituting these values in equation 20 and 
rationalizing, the operational expression for the de- 
nominator of the currents is 


D(p) = xqxa'Top® + 
[xaxq + 7To(xa’ + xg)]p* + 
[2Qxgxa’To + r(xa + %g) + Toxe(x’a + xg) + Tor?] p* + 
[2xaxqg + 7To(xa’ + xq) + Xc(xd + Xq) + 7? + To2rxe] p? + 
[xgxa’Tot+r(xa+xq) — Toxe(xa’ +%q) +2rxc+To(xc? +r?) |p + 
[xaxq — xc(xa + Xq) + Xe? + 77] (21) 


Self-excitation will occur if any of the roots of D(p), 
equation 21, have a positive real value. 
For the numerical case of 


xd = 1.0, xa’ = 0.30, xg = 0.6, To = 1,000, and T. = 0 


the regions of self-excitation are shown on figure 1. 
The shaded area is a region of self-excitation for the 
case of 7, = 1,000 as well as for the case when 7, = 
0, indicating that the phenomenon of self-excitation 
is possible in a salient-pole machine for the condition 
when the field circuit is open. For normal values of 
armature resistance, 7, when the field circuit is 
closed, self-excitation occurs for values of x, between 
LAREN ING Oe 

Armature Resistance Neglected. For the case of r 
= 0, equation 21 reduces to 


D(p) = xa'xgTop® + xaxgp* + To[2xa'xq + Xc(xg + xa’)]p? + 
[2xaxg + xc(xq + xa)] p? + To[xa'xq — xc(xq + xa’) +x] p+ 
[xaxq — Xc(Xqg + xa) + x2] p (22) 


By applying Routh’s criterion the following array is 
obtained (common coefficients which are positive in 
value are omitted following the first 2 rows): 


xa! xqTo T [2xa'xgtxc(xgtxa’)] To [xa!xg—xe(xg+xa') +x-?] 
XdXq [2xaxq+x¢(xg+xa)] [xaxg —Xe(xg+xd) +x¢7] 

xq [x¢ —Xq] 

Xgl3xad+xe] [xd —xXe] [xg —Xc] 

[xe —Xq] 


[xe —Xq] [xd — xe] [xq —Xc] 
Therefore, self-excitation occurs when 


Xe<X%q and xg<xe< xd OF Xe< Xd 


(23) 
Accordingly, with zero resistance the phenomenon of 
self-excitation can occur for any value of capacitance 
less than that corresponding to the direct-axis syn- 
chronous reactance. Practically, however, as shown 
in figure 1, only a small amount of resistance de- 
creases the range of self-excitation from (xz to 0) to 
Xa to Xa’). 

Field Switch Open. For the case of T, = 0, equa- 
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tion 21 yields the following array when Routh’s 
criterion is applied: 


XdXq Qxatqtxc(xd+xq) +7? —x¢(xa-++xq) +6? +7? 
r(xa+xq) 1 (Xg+x%q) +x? 0 
(xat-xq)xaxg+ \ { (s¢¢ +g) Xa%q — Xe (xa t+-xq)? 
xe(xa2+xq2) +72(xa +xq) f + (x¢2-+r?) (xa+2q) 


ane 
+x-(%a—xXq)? 


XdXq 


— x(x +xq) cia(oecten))| 


(xa%q 


Therefore, the values of x, which will result in self- 
excitation when the field circuit is open are 


NM Ga—xq) = 4r* Ee Xtd+x%q + WV (1d —%q)?—47? 


2 q 2 


GIS Fe 


(24) 


If xz = xX,, which is the case of a machine with lami- 
nated cylindrical rotor, self-excitation cannot occur 
when the field circuit is open. Equation 24 de- 
scribes the region of self-excitation for values of x, 
between xz and x, as shown in figure 1. 

Infinite Field Time Constant. For the case of T, = 
© equation 21 yields a similar expression to that 
obtained for the case when T, = 0 except x4’ replaces 


a 
HUTTE EH TT 


eee ee tole 
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CAA eee ET 
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is 
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Fig. 1. 


Regions of self-excitation or a salient-pole 
synchronous machine 

xd = 1.0 xd” = xd’ = 0.30 

Xq” = Xq’ FOG) 0.60 Ihe = 1,000 

Shaded area applies for field circuit opened or closed 

Dotted line applies for T, = © (approximate solution) 


xa. Accordingly, the values of x, which will result in 
self-excitation when T, = are 


X%q)?—4r 


Sa ea ee polis ara 2 (28) 
Equation 25 is a good approximation to the actual 
case when 7; is large for the region between x, and 
xa’ as shown by figure 1. 
This section may be summarized as follows: 


1. For a machine having rotor circuits additional to the field 
circuit, the regions of self-excitation can be determined by numerical 
substitution in equation 20. 


2. For most practical purposes the regions of self-excitation can 
be determined by equations 24 and 25 for the case of a syn- 
chronous machine without an amortisseur winding. 


3. For normal values of armature circuit resistance, values of 
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capacitive reactance between xy and x,’ for a machine without an 
amortisseur will result in self-excitation. 


4. A value of series armature resistance greater than both (xq—%q)/2 
and (x, — xg’)/2 will prevent the phenomenon from occurring, 
for a machine without an amortisseur. 


5. The above results are a theoretical explanation of the difficulties 
sometimes encountered (a) when a capacitance shunt load greater 
than the line charging capacity is connected to a synchronous ma- 
chine and (b) when a synchronous machine is connected to a source 
of voltage through a series capacitance. 


Applications to a 3-Phase Fault 


Equations 14 and 15 will be applied to the case of 
a 3-phase fault on a synchronous machine running at 
synchronous speed initially open-circuited having 
capacitance in its armature circuit. This is also 
equivalent to suddenly throwing on a capacitive load. 
The currents 74 and 7, for this case can be determined 
by substituting eg = 0, eg = — 1, and s = O in 
equations 18 and 19. This yields 


_ (P+ 1a) = xe 


A(p) eat a 


, _ @AVZa) + pwc 
A(p) 


where A(p) is given by equation 20 with s = 0. 

Equations 26 and 27 are operational expressions for 
the currents 74 and 7, which can be solved by means 
of Heaviside’s expansion theorem, the roots of the 
denominator being determined by means of Graeffes** 
root-squaring method. Having determined the cur- 
rent 74 and 2%, the phase currents 2, 1, and 7, are 
obtained by substituting in equation 14 of reference 2. 

The general solution of the operational expressions 
for the current, particularly when the effect of more 
than one rotor circuit is considered, involves a great 
deal of algebraic work. However, considerable in- 
formation as regards the phenomena being studied 
can be obtained by making use of certain simplifying 
assumptions. The following is an example to illus- 
trate this. 

Suppose that it is required to determine the maxi- 
mum possible voltage which may occur across the 
terminals of a synchronous machine when it is sud- 
denly thrown on toa very large capacitive load. This 
also corresponds to the case of a short circuit occurring 
on the system side of the capacitance of a machine 
having series capacitors in its armature circuit. Let 
the machine and capacitor constants be as follows: 


€qol (27) 


xa = 1.0, xg = 0.60, xa’ = 0.35, r = 0.05, To = 1,000, x. = 0.20 


From the values chosen it is apparent that the 
value of capacitance of 0.20 does not lie between xq’ 
and x, and therefore it will be assumed that self- 
excitation does not occur for these constants. Prac- 
tically, for this assumption to be valid, x, should be 
definitely less than xz’ by a small amount, as the 
effect of saturation, which has been neglected, is to 
reduce the effective value of transient reactance. 

The maximum short-circuit current can be calcu- 
lated on the basis that T, = © andr =O, which neg- 
lects the decrements in current and voltage. This 
results in a fair approximation for the current and 
voltage during the first few cycles after the fault is 
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applied and in a considerable simplification in the 
algebraic work. For these conditions equations 26 
and 27 yield 


Pee 0.60 p? + 0.40 
0.21 4 + 0.61 p? + 0.06 


_ __ 0.35 p§ +0.55 p 
0.21 p* + 0.61 p? + 0.06 


Ug 


which gives 


tq = 6.67 — 0.81 cos 1.674 — 5.83 cos 0.321 
tq = 0.452 sin 1.67 ¢ + 2.82 sin 0.32 t 


Substituting the values of 7; and 7, in 
ta = tacos (t + a) — igsin (¢ + a) 
and simplifying, 


tq = 6.67 cos (¢ + a) — 0.63 cos (0.671 — a) — 4.33 cos (0.68 t — a) 
— 0.18 cos (2.67 t + a) — 1.51 cos (1.32 t + a) 


The voltage across the capacitor is 


1 
Ve — ale di 
Cc 


= 1.33 sin (¢ + a) — 0.01 sin (2.67¢ + a) — 0.23 sin (1.32 + a) 
— 1.29 sin (0.68 ¢ — a) — 0.19 sin (0.67 t — a) 


indicating a possible maximum transient voltage 
across the capacitor of 3 times normal. The actual 
maximum voltage across the capacitor would be 
somewhat less because the effect of armature circuit 
resistance, which was neglected, would be to damp 
out the components having frequencies other than 
normal frequency. The voltage across the capacitor 
immediately after the armature circuit transients 
have died away corresponds to that given in the first 
term of the above expression for voltage. 

From these results, the conclusion is reached that 
during the first few cycles immediately following the 
short circuit, the voltage across the capacitor will be 
from 1.3 to 3.0 times normal line-to-ground voltage, 
depending upon the value of armature circuit re- 
sistance. 

The sustained voltage is 


0.20 X 1 


= 
Bae eeG, = 020 


X sin (t + a) = 0.25 sin (¢ + a) 

By these comparatively simple calculations, it is 
evident that the transient voltage across the capaci- 
tance will be considerably greater than that corre- 
sponding to the sustained voltage, and that the maxi- 
mum possible voltage is approximately 3.0 times 
normal. 

Approximate Field Time Constant. An approxi- 
mate value for the time constant of the field circuit 
under the condition of capacitive load can be deter- 
mined by dividing the coefficient of p1 by the coeffi- 
cient of p° in equation 21. This yields, when terms 
in the coefficient for p' which do not include 7. are 
neglected, 


= Gg = Xe) (Xq = Xe) 
(xa! — Xe) (xq — Xe) +P? 
This time constant is valid only when 7,’ and 7, 
are comparatively large. Although approximate, it 


y 


Ta To (28) 
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does indicate with good accuracy the values of x, 
which will cause 72’ to become negative and accord- 
ingly produce self-excitation. 


Application to Small Angular Oscillation 


Park gives for the change in electrical torque for 
small changes in angular displacement of a syn- 
chronous machine connected to an infinite bus 
(equation 60, reference 1) 


AT = [Wado + tdoxg(p)] Atq — [qo + tqoxa(p)] Ara (29) 


By substituting the following relations in equations 
14 and 15, Azz and Az, can be determined: 


vd = Wdo + Ava ed = dy + Aeg td = tdo + Aty 


tq = Wao a Awg &q = €q0 + Aég Iq = Zqo + Atg 
po =1+ pA 

This yields, 
€go = Wdo + X¢tdo — ¥ go (30) 
€do’= —Wqo — Xetgqo — 1 tdo 
and 
p Med — Meg —egop Ab = p? Ava —2p Ag — 2 aop Ad — Ava — | 
p deg + Aea + edo Ad= p? Ag + 2h Apa—QWWqop Ab — 

Avg + Waop? Ab —rp Aig —r Aig —ridop Ad — xe Aig 
Ydo = Efd—Xdtdo (32) 
Yq — —Xglgo 


Substituting equations 32 in equations 30 and 
solving for the initial currents, 
Efa(%q — %c) — (xq — Xc)e Cos 59 — resin do 


te ) 
ae (xd = Xe) (Xg"— Xe) 7? ce 


: Eyar — er cos 5) + (xa — xc) e sin do (34) 
4 = 
" (%d — xc) (xq — X%c) +7? 


From equation 28 of reference 1, 
éd = e sin (d9 + Ad) €g = ecos (59 + AS) 


Since Aéd is small, 


Aed = € COS by Ad Aég = — e€sin bo Ad 
Also from equations 5, 
Aya = — xa(p) Ata Avg = — Xq(P) Atg 


Substituting these relations in equations 31, 
[—ecos 59 — 2vgop + Waop? — ridop] Ad = | 
[2pxa(p) + 1] Ata + [p?xq(b) — xg(b) + rb + xe] Atg 


[-e sin 60 = 2Wdop — Voob? + YigoP] AKG = 
[pexa(p) — xa(p) + rp + xc] Ata — [2pxg(p) + 7] Aig 


| 
(35) 


Equations 35 can be solved for Azg and Az, and 
substituted in equation 29 for the incremental 
torque. Therefore, 


AT = f(b) Ad 


The response to a sudden change in the electrical 
angular displacement, Aéd1, may be determined by 
(Concluded on page 36) 
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Proposed Transformer Standards 


By J. E. CLEM 


MEMBER AIEE 


{—Transformer Insula- 
tion Levels 


URING previous years 

the transformer subcom- 

mittee established insu- 
lation levels for transformers connected to circuits operat- 
ing at standard voltages. These requirements have been 
passed on to the ASA sectional committee on transformers 
(V. M. Montsinger, chairman), and on to the standards 
sub-committee (W. M. Dann, chairman). The ASA trans- 
former standards subcommittee has taken these insula- 
tion levels and incorporated them in the standards with 
slight modifications not affecting the fundamental require- 
ments. A memorandum of the proposed ASA standards 
was submitted to the transformer subcommittee and 
approved with minor changes and recommended for 
immediate use. These proposed standards follow and are 
essentially as given in the proposed ASA transformer 
standards as material in Sections IJ, III, and IV. 


A—STANDARDS COMMON TO 
TRANSFORMERS, REGULATORS, AND REACTORS 


Insulation Level. Table I gives the relations between 
established rated circuit voltages, limits of rated apparatus 


Table | 
Basic Insulation Level 
Rated Limit of Impulse Test Alternating 
Circuit Voltage— Rated Apparatus Gap Spacing— Voltage Dielectric 
Volts Voltage—Ky Inches Test—Kv 
120 
240 
480 
COOK rer verso ones: VD ees sfeneistahn.s shave O: Siuaease arcs eas 10 
2,400 
ZOO a sreciscicrsm cen DD Sania ates ees emeress Ie air Ane red ara 15 
4,160 
4,330 
ESOC s strsxed Oeie:tia'69 GO eo aisrazeticclive, ots VD EE CR ER TS 19 
C900 Ne ranes one wie: 8:66 ash stanctieteteees OU OTM ean ea ere 26 
11,500 
LSFSOOM severe crore nce 1 Wa etree eiccorks ort hc CPE SOTA eG 6 34 
ZEOOO tei svevaraia.at ace 7494 | ees Sei eps Ue eemcein tts. 51 
B4 FOO sre ccaetc ces DAD eceisea tune eisiates MQ U2 era rgrace mrecererene ts 70 
4G OOO Ree elec. ABO arnt eanhtane LSi Divehi encieate 93 
69,000 daaumes sae OOO erarencyeatroravan ZO VG eerccve srauseiirert 139 
OZ 000s ancien see UPA etaie OCT REOTIE PER op cic end 185 
DUB OOO K mccretore tia sree DEMON aban o.ctobb.o DAL Tie elevator ttoueae st 231 
LSS OOO i Masrs sretayater ster USS0) wicca eotenste BON Te acta Pac 277 
NODUO0O rere to ete ls TODO sidats stots o viene 49 iO), rsa are tere 323 
196 O00: eiarperents LO BO sererecseacaust entero 60: Oder 393 
DEK Do gee 8 cman etre 2300. enslave ere OSA areatap ras fae 461 
QSE DOO matric aioe PLLA OP OR Ce S8:02sa:- cet ere Le 
BAD OOO ce aeencsataairs S45: ORs eaten a LOD Ong eke eee 691 


Note 1—When apparatus is suitable for wye connection, the name plate shall 
be so marked and the circuit (line-to-line) voltage rating shall determine the 
required basic insulation level and bushing requirements. For example, if a 
transformer is designed for a high voltage of 6,900/11,950Y the name plate 
shall be marked accordingly and the transformer will be in the 15-kv insulation 
class. 


Note 2—Exceptions to these standards will be found in the specific sections, 
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During the past 2 years the AIEE transformer 
subcommittee* has proposed changes in the 
AIEE transformer standards; this paper is pre- 
sented to bring these changes before the Institute. 
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voltages, and required basic 
insulation levels, for trans- 
formers and other induction 


apparatus covered by the 
standards. Column 1 gives 
the values of established 


circuit voltages. Column 2 gives the limits of rated 
apparatus voltages permissible for the corresponding 
insulation levels. Columns 3 and 4 give the required 
standard insulation levels in terms of the spacings of rod 
gaps used in making impulse tests, and of the low-fre- 
quency dielectric test. 


A bank of modern large transformers 


B—STANDARDS FOR 
DISTRIBUTION AND POWER TRANSFORMERS 


In the ASA standards for distribution and power 
transformers the same introductory paragraphs and the 
table will be reproduced, with footnotes essentially as 
follows: 


Note 1—When transformers are suitable for wye connection the 
name plate shall be so marked and the circuit (line-to-line) voltage 
rating shall determine the insulation level. For example: 
Single-phase transformers for 8,660 volts or below shall be suitable 
for connection in star (wye) and shall be capable of withstanding 
tests as shown in table II. 


C—STANDARDS FOR INSTRUMENT TRANSFORMERS 


In the ASA standards for instrument transformers the 
introductory paragraph on insulation level is again repro- 
duced, with suitable wording to make it apply to instru- 


A paper recommended for publication by the AIEE committee on electrical 
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Table Il 


al 


Alternating Voltage 


Transformer Impulse Test Gap Dielectric 

Voltage Rating Spacing—Inches Test—Ky 
Single-phase transformers 

AO OKelta/< LOOLStar eran ncn he. Cn en Cia: @ Sete oc 19 

AFOOUOIGETaAy/ Si S20lStar a nade were. aoe ea tae tren 26 

CrI00Kdelta/iwyObOistaraerr aa mete a. saninc cA Onda poten he au nipd 
3-phase transformers 

200 deltavor start... awa. cree sian the. itn TUG eee ee Ne, ah ene 15 

ASS OOTACLEALOL SCAT AS oie eee ie eth ea FS, Ne Os enh n dat ae are 19 

GOO delta or Staten. cas ny Gow hes Sete ih oats earn ahr ee aN rs 26 


(The reference to table II appears as a note in the main table opposite 1.2—2.5— 
5.0—8.66 kv transformer voltages.) 


Note 3—Exception—Transformers designed to permit star-connected operation 
on circuits of 92,000 volts and above with the neutral solidly grounded, may be 
designed, when so specified, to be capable of withstanding only an induced- 


voltage test corresponding to that required for the next lower rated circuit _ 


voltage class. 


Note 4—Transformers may be provided with regulation taps for voltages not 
exceeding 10 per cent above the rated circuit voltage. 


Table Ill 
Alternating Voltage 
Transformer Impulse Test Gap Dielectric 
Voltage Rating Spacing—Inches Test—Kyv 
Single-phase transformers 
DEsOUIAelEaAy AM OOESGAL fe An .21s, APRN oe nha PSG Dele elapees pee iageaid a ea 19 
4,800 delta/8,320 star...... eel RS Sean ae eae 226 
6,900 delta/11,950 star. Dae meee Ao et et: : 34 
3-phase transformers 
RAOUL CMU ANOLESEAL ee sce hats oy ws) ea tos es INGSo rePei & onoaeonee en tee 15 
4,800 delta or star..... : Sf PEELS SE .19 
DOD CIEA OR SEAL 6 oc occ ois oe hs ee 1S Bee Oe ne ona . 26 


(The reference to table III appears asanoteinthe main table opposite 1.2—2.5— 
5.0-8.66 kv transformer voltages.) 


Note 3—The next-lower insulation level may be specified when it is adequate. 
For example: 


(a) For potential transformers for 15 kv or below when exposure to impulse 
voltage is low. 

(b) Exception—Transformers designed to permit star-connected operation on 
circuits of 92,000 volts and above with the neutral solidly grounded, may be 
designed, when so specified, to be capable of withstanding only an induced 
voltage test corresponding to that required for the next lower rated circuit 
voltage class. 


Note 4—Voltage ratings of current transformers are the maximum voltages 
for which they are applicable. For co-ordinated insulation, current trans- 
formers having the same test-gap ratings as other apparatus in the circuit 
should be selected. 


ment transformers, together with the table, and the 
footnotes are essentially as follows: 


Note 1—When potential transformers are suitable for wye connec- 
tion, the name plate shall be so marked and the circuit (line-to-line) 
voltage rating shall determine the insulation level. For example: 
Single-phase potential transformers for 8,660 volts or below shall 
be suitable for connection in star (wye) and shall be capable of 
withstanding tests as shown in table II1. 


2—Impulse Tests on Transformers 


Initially the impulse test code required 5 tests to be 
made. In the ‘“‘Recommended Transformer Standards” 
by Putman and Clem, published in ELECTRICAL ENGI- 
NEERING, December 1934, this was changed to require 3 
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Table IV—Insulation Requirements for Current Limiting 
Reactors 


Low-Frequency Dielectric Test Applied 


Limit of Voltage—Ky 
Rated 
Apparatus Oil Air 
Voltage— Insulated Insulated 
v 
1.2 ~ 12 a20) 
2.5 Pat Wy (ae OS RTE nO ura Mane 25 
Dia Gi REE eee eee 21. 30 
8.66 Le 20 40 
15.0 Axi 60 
25.0 7 58: 85 
34.5 . 50: 115 
GRO A Es earn e ahs gives VOB nner Cen ee ee eae 
BOO Ss oa eke bode ee Oe LOTae Ret eat Sip ee 
92 . 209 
115 CMO Leet Lao aa ochre ete eh 
138 ~- 312 
161 Seana Peers enw dipole 3, LO OE Aina eta ara ET pe eae Tee 
DOG eee St eA ete Ate 444 
230 Aan acuee sn Tp re OOO 
287.5 . . 648 
345 Ah Rema s APMC ry hie ote 5 Be 


tests. Since that time the wording designating the tests 
has been changed to the following: 


(a) Apply a wave just sufficient to cause flashover of the specified 
test gap under existing conditions of humidity and air density. 

(6) Apply a wave sufficient to cause flashover of the bushing. For 
this test the applied voltage must be at least 5 per cent in excess 
of the standard minimum flashover voltage for the standard bushing 
under standard conditions of humidity and air density. 


Note—When oversized bushings are used they shall be equipped with suitable 
gaps to provide the same standard minimum impulse flashover as for the stand- 
ard bushing. 


(c) Apply a wave having a crest not less than 90 per cent of the 
standard minimum flashover voltage of the standard bushing under 
existing conditions of humidity and air density. No flashover of 
the bushing shall occur during the test. 


Standard atmospheric conditions for these tests are a 
temperature of 25 degrees centigrade, air density corre- 
sponding to 760 millimeters of mercury and a humidity 
corresponding to a vapor pressure of 15.46 millimeters. 

These changes in wording are the result of changes 
made from time to time to make the test requirements 
more explicit. 


3—Insulation Requirements— 
Current Limiting Reactors 


There are, in general, 2 types of construction for current- 
limiting reactors—oil insulated and air insulated. The 
insulation has in practice departed somewhat from former 
Institute standards and the ASA sectional committee 
has modified these values in accordance with table IV 
and the AIEE transformer subcommittee recommends 
that these values be put into immediate use. 


4—Transformer for Mercury Arc Rectifiers 


The transformer subcommittee does not agree with the 
present recommendations of the mercury arc rectifier. 
Subcommittee for the insulation of mercury-arc-rectifier 
transformers. It recommends higher test voltages based 
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Table V 


Limit of Rated 


Apparatus Alternating Voltage 
D-C Voltage Voltage Dielectric Test 
—Volts —Kyv —Ky 
Ope OO nite nielaatinrscscsoe skank i retrene lon eleven oe 10 
TON 1G BOO W aistevecioc aime ans dk AR Gio eCpb tte ALE TI ORO C 15 
TCSO1 =o OOO cerokueier sen mere ESS QUEMIYE Fela etteeun tateseene de -auree 19 
SOOT 5 COON ric. cieecibrer reir a) «6 Si OG ea aucwecrateranmec amas 26 
EO Oa She COO aecuetenatene evn ceterakeia ses 550” fi tvensvcrrmekevenere tere 34 
Sel ko OOO taina sci k me weak « 2510) * heuer ee 51 
PEOOTH=20 OOO iiresa wien ent cacce mute S45: y Peuk-sdari(endaken ete ee 70 


on voltage classifications which agree with those for other 
transformers. 

It is reasonable to insulate primaries of rectifier trans- 
formers according to conventional transformer practice. 
The secondaries of these transformers are not, as a rule, 
exposed to lightning directly, and, accordingly, the next 
lower insulation level might be considered. However, 
the secondaries are exposed to overvoltages inherent in 
the operation of the rectifying equipment, so that a re- 
duction in the low-frequency dielectric test does not seem 
advisable. Accordingly, the insulation of the secondary 
windings of these transformers should also follow con- 


ventional transformer practice after the proper insulation 
class of the transformer secondary winding has been 
agreed upon. However, the impulse tests for other 
transformers have been set up with overvoltages for 
lightning in mind. Rectifier transformers are subject 
only to overvoltages inherent in their operation which 
may be different in their character and frequency of 
occurrence, and, therefore, it seems advisable to study the 
question of the proper impulse test further. 

There might be some question as to the secondary volt- 
age rating to be used in selecting the insulation level on 
account of the variation in connections used to obtain 
the same d-c voltage. This occurs because the trans- 
former secondary voltage for the same d-c voltage may 
be different for different schemes of connections. It 
appears reasonable that the most consistent results would 
be obtained if the d-c voltage was made the basis for 
determining the voltage class. It was agreed that the 
voltage class should be determined by the formula: 


Rated d-c voltage 
Teale 


Voltage class = 2 X 


The rated d-c voltage divided by 1.17 gives the corre- 
sponding open-circuit voltage to neutral of the rectifier 


Table VI—Bushing Characteristics 


Transformers Larger than 500 Kva (Power). 


Transformers 500 Kva and Smaller (Distribution) 


Power Transformers Distribution Transformers 
60-Cycle 60-Cycle 
Rated Maximum Rated Equivalent Impulse Flashover Equivalent Impulse Flashover 
Circuit Apparatus Rod Flashover Rod Flashover 
Voltage—Ky Voltage—Kv Gap—Inches Ky Dry—Kyv Wet—Kv Gap—Inches Kv Dry—Ky Wet—Ky 
(1) (2) (3) (4) (5) (6) (6) (8) (7) (8) (3) (4) (5) (6) (6) (8) (7) (8) 
0.12 
0.24 
0.48 
O60 Secs bak. t I Pe Aten ee rs PATA SS Onin OS exedire sree Big sisvereis Sher a [te Pa ty OUST snr erecta ee oo iaiera meee See Oy eta a aie uf 
2.4 
DOME tact rit 7 PS eR ROR OT RPE eRe RCTS EN ORE IER ee ch ave Mee Arn car rfl a nies th Rete asco dhia ou) Hie Mirecromee KEE od awe oe base Sages Sy 
4.16 
4.33 
BOs rice picut'e eke SOW Met kot aioe Ora iy eae rane Soi ce ca teat AOS Pel tyteae ES uleid a hi ulke eos, Sate ae) tains Gore sii B cee sapeaes PLES OTS 18 
Gc Ou cnatencty pis SOG reesren tern BD civarnie ores Cd Pam MFT A, ote Our SOS oa acters SO weee aa « eines GD We te ax deere ee foe ee ee, AOI watureas 27 
11.5 
BES ey aiiehavatte fet os 1a Oe ian See Di Disiatene ate an aes L20 ii tatricomis: (ots Parana iore tose o BG ate derns Sages rie cree are OZ etsy ern Dre anes bieedinysia teen 37 
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1. Column 1 gives the values of rated circuit voltages recommended in the 
NEMA-NELA report on preferred voltage ratings dated October 1928, for the 
purpose of establishing values to be used in designing and testing electrical 
apparatus. 

Note: Rated circuit voltages of 92,000, 196,000, and 287,500 volts have been 
added to the NEMA-NELA list. 

2. Column 2 gives the maximum rated apparatus voltages permissible for the 
corresponding insulation levels. 


3. The equivalent rod gap for distribution transformer bushings is based on 
the transformer subcommittee recommendation standardizing the minimum 
impulse flashover for bushings at 5 per cent above the flashover of the test gap. 
The equivalent rod gap for power-transformer bushings for voltage classifica- 
tions 69 kv and below represents existing practice. These values are minimum 
and must be met. 


4. When bushing and equivalent rod gap are tested in parallel at minimum 
gap flashover with the 1.5 x 40 microsecond positive wave. 50-50 flashover of 
the equivalent gap and bushing should occur at minimum flashover voltage. 
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5. Average minimum flashover voltage with the 1.5x40 microsecond positive 


wave. Based on curves and tolerance of rod-gap flashover data agreed upon 
by the NEMA-EEI subcommittee on correlation of laboratory data, September 
26, 1935. The tolerance applies to the recorded flashover voltage only (see 
note 3). 


6. Flashover voltages are average values and are given for standard conditions 
of air density and humidity. 


7. Wet flashover voltages are average values based on 0.1-inch precipitation 
per minute at an angle of 45 degrees with water having a resistivity of 12,000 
ohms per centimeter cube and at standard air density. 


8. The tolerance on the 60-cycle dry- and wet-flashover voltages shall be 5 
per cent under standard conditions of air density and humidity. 


9. All flashover values are based on the revised sphere-gap calibration data 
agreed upon by the sphere gap calibration subcommittee of the instruments 
and measurements committee. See ELmecrricaL ENGINEERING, page 783, 
July 1936. 
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se 


transformer for any half wave 3-phase connection or 
double-Y connection with interphase. For the same d-c 
voltage, 6 or more phase half-wave connections have 
slightly lower corresponding transformer open-circuit 
voltages; single-phase connections, which are not common 
in power sizes, have somewhat greater open-circuit volt- 
ages. Commutation effects will, in general, result in a 
slightly higher a-c/d-c voltage ratio than at open circuit. 
Twice the maximum a-c voltage to neutral of the trans- 
former secondary winding is equal to or greater than the 
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maximum a-c voltage between secondary bushings and 
so is used to define the voltage class. 

Application of this formula gives the following, with 
some slight rounding off of values: 


Required Insulation Level of 
Transformers for Mercury Arc Rectifiers 


PRIMARY WINDINGS 

The primary windings of rectifier transformers shall be insulated 
in accordance with standard transformer requirements. 
SECONDARY WINDINGS 


The secondary windings of rectifier transformers shall be insu- 
lated in accordance with table V. It is recommended that this 
practice be put into immediate use. 


5—Bushing Standards 
Due to recent changes in the sphere-gap calibration 


curves it became necessary to modify the 60-cycle flash- 
over data of transformer bushings. In addition the 
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NEMA-EEI laboratory subcommittee on correlation of 
laboratory data revised the rod-gap flashover data which 
in turn required a slight change in the tabulation bushing 
impulse-flashover voltages. The standard bushing char- 
acteristics with these changes shown in table VI was ap- 
proved and is recommended for immediate use. 

Tests to verify the flashover of bushings should be 
made on the basis of the new calibration curve and the 
new flashover values. If, however, it is required to 
verify the old flashover values then the old calibration 
curves shall be used. 


6—Use of Sphere-Gap Calibration Curves 


Since the subcommittee of the instruments and measure- 
ments committee on sphere gap calibration has revised 
the sphere-gap calibration curves, it is recommended that 
these new calibrations be put into immediate use in the 
testing of transformers. The new calibration curves have 
been published on page 783 of the July 1936 issue of 
ELECTRICAL ENGINEERING. 

The new calibration curves are given only for the case 
of one sphere grounded. It was recommended that these 
same curves also be used for the case of nongrounded 
spheres, providing the ratio of gap spacing to sphere 
diameter does not exceed !/;. A review of the data has 
indicated that with this precaution the error will be quite 
small. 


7—Short-Time Heating and 
Overloading of Distribution Transformers 


The subcommittee’s report on the short time over- 
loading of oil-immersed power transformers were given in 
a paper entitled ‘Overloading of Power Transformers’’ by 
V. M. Montsinger and V. M. Dann, ELEectricaL ENGI- 
NEERING, October 1934, page 1353. Since that time the 
subcommittee has drawn up a guide for the short-time 
heating and overloading of certain sizes of distribution 
transformers. These curves apply to transformers 100 
kva and smaller below 15,000 volts, and to network 
transformers 500 kva and smaller. Other distribution 
transformers are covered by the paper just mentioned. 


Guide—Short-Time Heating and 
Overload—Distribution Transformers 


Distribution transformers operate under varying load- 
time curves, generally with relatively low load factor. 
It is possible to apply higher than rated load for short 
periods without encroaching too seriously on the life of 
the insulation or the oil. Since the shape of the load 
curve is variable from day to day and from season to 
season, and is not subject to easy control, there is no 
exact method of calculating the correct size of transformer 
for a given location. 

The deterioration of insulation proceeds at different 
rates, depending upon the temperature, and the end point 
is not definite unless some characteristic is arbitrarily 
chosen. Calculations of the life on the basis of assumed 
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load curves are therefore of somewhat uncertain value. 
Many such calculations integrating the effect of time and 
temperature have been made, however, and they tend to 
check data from experience which in itself is not exact, 
but this agreement gives some foundation for setting up 
a curve which should prove a useful guide in overloading 
distribution transformers without materially affecting the 
length of life which has been obtained in the past. 

Such a curve representing the magnitude and duration 
of permissible daily overloads starting at no-load tem- 
perature has been compiled and is shown as that portion 
of figure 1 for times longer than 5 minutes, curve B. 
This section of the curve should be of value in the appli- 
cation of distribution transformers, particularly in deter- 
mining the economic size of transformer required to carry 
the expected load, with due regard for short-time peak 
overloads. 

The short-time portion of the curve, that is, for times 
less than 5 minutes, curve A, is based on what may be 
termed, in general, short circuits, whose occurrence is 
accidental and not premeditated as with a daily recurrent 
load. They may occur at any time, and hence the worst 
condition—occurrence after full load—must be assumed. 
The frequency with which they occur can only be esti- 
mated. This portion, curve A, of the curve will be useful 
in the application of primary fuse links or network trans- 
former fuses to meet thermal protective requirements. 
This portion of the curve is essentially a time-current 
curve of distribution transformers based on not reducing 
their normal expected life. A fuse link to provide thermal 
protection for such a transformer should lie below and 
to the left of the transformer curve. The inherent thermal 
ability of fuse links is much smaller than that of the 
transformer windings and therefore it cannot be expected 
that such links will provide thermal protection for periods 
exceeding approximately 5 minutes. 

The short-time portion, curve A, of the curve may also 
be used to determine the ability of distribution trans- 
formers to operate as grounding transformers only, and 
to indicate the required time and current settings of pro- 
tective devices used in the neutral of such transformers to 
clear them in the case of sustained faults. If distribution 
transformers connected as grounding transformers are 
also required to carry load, it should be recognized that 
the probable more frequent occurrence of line-to-ground 
faults will result in a shorter life than if the transformers 
were operated as normal distribution units subjected to 
occasional secondary faults. In addition, the normal im- 
pedance of distribution transformers is usually too low 
for them to function as grounding transformers unless 
additional external impedance is added, thus requiring a 
study of each particular case. 

These 2 proposed curves are blended to form a com- 
posite continuous curve based on the limiting condition of 
a 30-degree daily average ambient. For lower ambients 
the same increase of load may be permitted as has been 
standardized for use on power transformers, one per cent 
for each degree below 30 degrees centigrade, but no further 
increase shall be made below a temperature of zero degrees 
centigrade. 
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Continuous duty on distribution transformers in high 
ambients is so unusual as to constitute a special situation 
which should be presented when transformers for such 
service are purchased. 


Two-Reaction Theory of Synchronous Machines 
(Continued from page 31) 


evaluating f(p) by Heaviside’s expansion theorem. 

In the manner shown by Park’ the synchronizing 
and damping component of electrical torque can be 
determined for any sinusoidal angular oscillation by 
introducing a system of vectors rotating at s per unit 
angular velocity, where 


Aé = [ Aé] sin sv 
Ts = real part of f(S) 
sTq = imaginary part of f(jS) 


In using the method outlined in this section for the 
study of sustained hunting or oscillation of a syn- 
chronous machine connected through capacitance to 
a system, it was found that the capacitive reactance 
could be subtracted from the external inductive re- 
actance and the problem analyzed in the usual man- 
ner with good approximation, for those cases when 
the natural oscillation frequency of the machine being 
studied was small compared with normal frequency 
of the terminal voltage. 


References 


1. DEFINITION OF AN IDEAL SYNCHRONOUS MACHINE AND FORMULA FOR THE 
ARMATURE FLUX LINKAGES, R. H. Park. General Electric Review, volume 31, 
June 1928, pages 332-4. 


2. Two-REACTION THEORY OF SYNCHRONOUS MACHINES—GENERALIZED 
MeEtTHOpD oF ANALYSIS—PartT I, R. H. Park. AIEE Transactions, volume 48, 
July 1929, pages 716-27. 


3. Two-ReacTION THEORY OF SYNCHRONOUS Macuines—II, R. H. Park, 
AIEE TRANSACTIONS, volume 52, June 1933, pages 352-5. 


4. TRANSIENT PHENOMENA OF AN ALTERNATOR UPON CONDENSIVE LOAD, 
M. Takahashi. Researches of the Electrotechnical Laboratory, Tokyo, Japan, 
No. 350, August 1933. 


5. STARTING PERFORMANCE OF SALIENT POLE SYNCHRONOUS Morors, T. M. 
Linville. AIEE Journat, volume 49, Feb. 1930, pages 145-7. 


6. Tue OPERATIONAL IMPEDANCES OF A SYNCHRONOUS Macuinge, M. L, 
Waring and S. B. Crary. General Electric Review, volume 35, Nov. 1982, 
pages 578-82. 


7. Torque ANGLE CHARACTERISTICS OF SYNCHRONOUS MACHINES FOLLOWING 
System DISTURBANCES, S. B. Crary and M. L. Waring. AIEE TRANSACTIONS, 
volume 51, Sept. 1932, pages 764-73; discussion pages 773-4. 


8. Tue APPLICATION OF TENSORS TO THE ANALYSIS OF ROTATING ELECTRICAL 
Macuinery, Gabriel Kron. A serial in the General Electric Review, beginning 
in volume 38, April 1935, page 181. 


9. PuLi-IN CHARACTERISTICS OF SYNCHRONOUS Motors, D. R. Shoults, S. B. 
Crary, and A. H. Lauder. EvrcrricaL ENGINEERING (AIEE TRANSACTIONS), 
volume 54, December 1935, pages 1385-95. 


10. Savient-PoLre Morors Our or Syncuronism, A. H. Lauder. 
ENGINEERING, volume 55, June 1936, pages 636-49. 


ELECTRICAL 


11. Ueber die Bedingungen, unter welchen eine Gleichung nur Wurzeln mit 
negativen veelen Theilen besitzt, A. Hurwitz. Mathematische Annalen, Berlin, 
volume 46, 1895, pages 273-84. ; 


12. Apvancep Ricip Dynamics (a book), E. J. Routh. Macmillan and Co., 
New York, 1884, page 168. 


13. ELeKTRISCHE SCHALTVORGANGE UND VERWANDTE STORUNGSERSCHEIN- 
UNGEN IN STARKSTROMANLAGEN (a book), Reinhold Riidenberg. Julius Springer 
Berlin, 1933, section 42, page 359. 


14. Matruematics oF MopERN ENGINEERING (a book), R. E. Doherty and 
E. G. Keller. John Wiley and Sons, Inc., New York, 1936, page 98. 


ELECTRICAL ENGINEERING 


Sealed-Off Ignitrons for Welding Control 


By DAVID PACKARD 


ASSOCIATE AIEE 


ance welding, parts to be 

welded are placed between 
high-conductivity electrodes, 
pressure is applied, and an 
impulse of current passed 
through the electrodes and 
work. The region of highest 
resistance, where most of the 
heat is developed when the current flows, is the point 
of contact between the pieces being welded. 

When making large welds, very high currents are re- 
quired to produce sufficient heat to melt the metals. 
It is desirable to accomplish this heating and subsequent 
cooling very quickly so that the melted zone does not 
travel from the joint through the pieces to their outer 
surfaces. In this way short weld timing leaves a bridge 
of cooler metal adjacent to each electrode, thus minimizing 
oxidation and deformation. This short timing, if coupled 
with high accuracy of current and time control, simplifies 
the welding of metals otherwise very difficult to weld. 
Thus there are encountered 2 principal requirements of 
any device used to control current to a resistance welder: 


[: THE PROCESS of resist- 


1. Ability to pass very high currents. 
currents to develop the necessary heat. 


Welding depends upon high 


2. Quick response. The device must respond quickly if it is to 
follow the signal impulses and so give the desired short and accurate 
timing. 


The Ignitron 


These requirements have been satisfied by the igni- 
tron,+*? which may be either a sealed-off tube or a 
continuously pumped tank, the fundamentals of operation 
being the same in both cases. The ignitron is a mercury- 
arc rectifier having a special control electrode or igniter 
used for initiating the arc. Once the arc is established by 
passing an impulse of current through the igniter, it con- 
tinues for the remainder of that half-cycle during which 
the anode is positive with respect to its cathode. During 
the negative half-cycle the arc is completely extinguished 
and control is regained. When the anode again becomes 
more positive than the cathode the arc may be re-estab- 
lished if desired by passing another impulse of current 
through the igniter. In this way alternating voltage 
enables one to regain control every cycle. Thus the 
ignitron and thyratron effect similar control over the flow 
of current. 

In welding service, 2 ignitrons are connected “back to 
back”’ in series with the welding transformer primary as 
shown in figure 1. By energizing the igniter of each unit 
at the proper instant during each conducting cycle, 2-way 
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Accurate control of high currents for resistance 

welding may be obtained by igniter-type mercury- 

cathode tubes capable of conducting 7,000 

amperes in impulses of from less than 0.01 second 

to several seconds duration. 

design principles and manufacturing technique for 
tubes of the sealed-off type. 


J. H. HUTCHINGS 


ASSOCIATE AIEE 


or alternating conduction of 
current is permitted. Each 
ignitron passes current during 
half of each conducting cycle, 
and so control is regained every 
half-cycle. When the weld 
has been completed, conduc- 
tion is stopped by removing 
excitation from the igniters. 
Two ignitrons thus act as a quickly responding contactor. 

The ignitron satisfies the 2 requirements previously 
stated for the following reasons: 


This paper describes 


1. Use of a mercury-pool cathode makes possible the conduction of 
extraordinarily high instantaneous currents. Cathode life at these 
high currents should be very long. 


2. Quick and accurate response is attained through use of the ig- 
niter electrode. When the proper impulse of current is applied to 
the igniter, the arc starts in less than 100 microseconds. Conduc- 
tion stops at the instant an anode becomes negative, thus all con- 
ducting periods end at approximately the same point on the voltage 
wave. 


It is therefore evident that the ignitron is sufficiently 
responsive for use in the welding field. If it is coupled 


A—lgnitron 
B—Power supply 
C—Firing control 
D—Welding _ trans- 
former 
and 


work 


E—Electrodes 


Fig. 1. 


Schematic diagram of ‘‘back to back” 
connection 


with some suitable igniter firing circuit the necessary 
degree of over-all timing accuracy may be obtained. 

A synchronous thyratron control’ panel is commonly 
used with ignitrons in welding installations to supply this 
igniter firing control. This control panel or “brain” of 
the device makes possible initiation of the arc at any 
predetermined point on the voltage wave. Very short 
timing may be attained by firing only one ignitron and 
doing so just before the end of the positive half cycle. 
This procedure makes possible a conduction period much 
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Fig. 2. Sealed-off ignitrons of the water-cooled (3 
at left) and air-cooled (3 at right) types 


shorter than one-half cycle. By uniformly starting the 
are at one point on the voltage wave, the variability of 
current transients and hence of welds is minimized. 


Design Problems of the Sealed-Off Tube 


In the development of a line of sealed-off ignitrons the 
design problems appear in the following natural divisions: 


1. The igniter must be properly designed and located in each tube 
if reliable ignition of the arc is desired. 


2. A current path through the tube of good conductivity must be 
provided to carry the high current. Peak, average, and root-mean- 
square currents must all be considered.* 


3. Heat removal must be sufficiently effective to limit cathode, arc 
stream, and anode temperatures to values at which reliable opera- 
tion and good life result. 


4. Manufacturing technique must be such that a vacuum-tight 
product is obtained. This is of course essential if the unit is to be 
sealed off and still maintain its vacuum over an extended period of 
life. 


The igniter is the “‘firing pin” of the tube. The design 
that has been adopted consists of a small rod of treated 
silicon carbide with the part dipping in the mercury pointed 
to a logarithmic shape.® The igniter is mounted on an 
insulating bushing in the mercury pool, making it possible 
to have terminals at the ends of the tube only. 

The electron current from the cathode comes from a 
number of small spots on the pool of mercury.® The first 
spot is started by a spark from the igniter, and it divides 
into more spots as the current demand is increased until at 
high currents the emission comes from a great many 
small spots, each supplying from 5 to 15 amperes. One 
condition for determining pool size is satisfied by providing 
sufficient area so that the cathode spots, starting at the 
igniter, do not travel to the edge of the pool and anchor 


*The highest instantaneous value of current conducted will be referred to here- 
after as peak anode current or simply peak current. Large welds require high 
peak currents. 

Average anode current per tube is obtained by averaging the instantaneous 
values over the rated averaging period. This period is usually sufficiently long 
to include several welds and the intervening off periods. Both the size of the 
welds and the frequency at which they are made determine the average current. 
Root-mean-square current, as referred to in this paper, is measured or calculated 
in the usual manner considering both the time of current flow and the time off 
included in the rated averaging period of the tube. 
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on the envelope in the time allotted to a single conduction 
interval. If this occurs, material may be sputtered from 
the metal walls of the tube. This requirement is easily 
fulfilled in normal operation since the arc has only one- 
half cycle during which to travel. Another consideration 
at the cathode is to provide large contact area between 
the pool and the cathode lead for the dual purpose of 
current and heat conduction. 

The cross-sectional area of the tube influences the 
maximum peak current the tube will conduct without 
failure. As the current density in the arc stream is in- 
creased above a certain value the voltage drop in the tube, 
and consequently the loss per unit current, increases 
rapidly. This and other considerations set a current 
density above which it is not practical to operate. In 
550-volt welder service successful operation has been 
obtained with are stream current densities exceeding 500 
amperes per square inch. The envelope sizes have been 
selected from a preferred number series of standard seam- 
less steel tubing, thus tending to cause peak current 
capacities to fall in a similar series. 

The anode size is determined by both the average and 
root-mean-square or effective currents. The heat gen- 
erated at the surface depends upon the average current. 
The heat generated in the conducting parts is a function of 
the effective current. Thus both the area and the con- 
duction cross section must be considered. The anode 
lead must be designed to conduct the effective current. 


Heat Removal 


When conducting, a gas-filled tube has a voltage drop 
from anode to cathode of the same order of magnitude as 
the ionization potential of the gas. This voltage is 
roughly independent of the current being carried by the 
are and in the case of these mercury-pool tubes is approxi- 
mately 15 volts. This drop causes power loss which ap- 
pears as heat within the tube. 

A mercury-pool tube of any one design and operating 
under certain current and voltage conditions will perform 
satisfactorily only when the temperatures of the various 
parts lie below definite limiting values. It is particularly 
important to limit the mercury-vapor pressure in the tube. 
This pressure is determined by the temperature of the 
cooler parts. If the temperature limits are exceeded, cur- 
rent may be carried in either direction when the igniter is 
not energized and conduction is not desired. Bad welds 
may result from such failures. A tube which fails by 
carrying current in the forward direction is commonly 
said to “shoot through.’”’ One which carries current in 
the reverse direction is said to “are back.”’ 

The limiting condensed-mercury temperatures of igni- 
trons now available lie between 50 and 125 degrees 
centigrade. This means that relatively small temperature 
differences, between some tube parts and cooling medium, 
are available for removal of heat. 

In the case of low-power ignitrons, air cooling of both 
ends has been accomplished by providing good paths for 
conduction of heat from anode and cathode to larger 
and cooler external parts. An example of this type of 
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cooling is seen in the 2 smaller tubes shown in figure 2. 
Radiation and forced ventilation are utilized to remove the 
heat from tubes of intermediate size. Parts of the tube, 
the anode in particular, are allowed to operate at high 
temperatures and so radiate effectively. Parts controlling 
mercury temperature, such as those parts in the region of 
the pool cathode, are cooled mainly by forced ventilation. 
An example of this class of ignitron is the tube on the 
right side of figure 2. 

The amount of heat generated at the cathode of a 
high-current tube cannot easily be transmitted by con- 
duction through the mercury pool and other cathode 
parts. It is also difficult to conduct this heat through 
glass side walls. Temperature drop along either of these 
paths may be sufficiently great to give inner or effective 
temperatures higher than are allowable even though the 
outside of the tube is kept at low temperature. This 
fact has caused the adoption of metal construction for 
higher power tubes. 

Coupling the metal design with water cooling, as shown 


Fig. 3. Cut- 
away view of a 
large water- 
cooled ignitron 


A—Anode connec- 
tion 
B—Anode 


C—Space for mer- 
cury pool 


D—Water inlet 
E—Cathode 


nection 

F—Water outlet 
G—Water jacket 
H—Tube envelope 


con- 


J—l|gniter 
K—lgniter connec- 
tion 


in figure 3, results in the cooling water and arc stream 
being separated only by about 1/i¢ inch of metal, the 
thickness of the inner envelope. As shown in this illustra- 
tion, the sides of the ignitron are cooled over their entire 
length by use of a water jacket. Rather close spacing 
between the 2 cylinders forming the jacket is used to in- 
crease water velocity and so provide better heat transfer. 
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In order to avoid air pockets and to keep coolest water in 
contact with the pool cathode, water enters at the bottom 
of the jacket and flows out at the top. 

The top seal and the central part of the mercury pool 
are kept cool by use of heavy tube-end pieces, or headers, 
welded to the cooled envelope. In one tube of large 
diameter, these ends are over !/s inch thick, thus providing 
a good path for heat conduction. In this way effective 
cooling, and hence effective control of mercury-vapor 
pressure, has been attained. 


Corrosion and 
Hydrogen Diffusion With Water Cooling 


Water cooling, though it solved many problems, 
introduced the new ones of corrosion and hydrogen 
diffusion. 

Early developmental tube models employed ordinary 
steel envelopes and water jackets. Passage of water 
through the cooling chamber caused considerable rusting. 
In addition, many of the hydrogen ions* present in the 
water filtered through the steel envelope into the tube 
and soon rendered it gassy and inoperable. Ordinary 
steel is no effective barrier to the hydrogen ion, and 
while the water may be treated to prevent corrosion and 
diffusion this does not appear at present to be economical 
in welding applications. While this seepage of hydrogen 
through the envelope might be tolerated if the unit were 
being pumped continuously, it obviously cannot be 
permitted in sealed-off tubes. 

These difficulties of corrosion and hydrogen diffusion 
were overcome by the use of stainless steel envelopes 
and jackets. This material is practically impervious to 
the hydrogen ion at operating temperatures. Since water 
comes in contact only with stainless steel and the brass 
pipe fittings, corrosion should be extremely slow, thus 
permitting very long tube life from this consideration. 


Metal Tube Manufacturing Technique 


Initially ignitrons were made of glass by adopting the 
technique then used in making hot-cathode rectifiers and 
thyratrons. A new glass-to-metal seal, utilizing an alloy 
called ‘‘fernico,”’ and the application of thyratron con- 
trol to welding introduced an entirely new technique which 
is now utilized in ignitron manufacture. Fernico, which 
is an alloy of iron, nickel, and cobalt, has an expansion 
characteristic which closely matches that of certain 
glasses.” It can be drawn, machined, and welded. This 
material makes possible strain-free glass-to-metal seals 
which are relatively easy to manufacture and free from 
leaks. All of the insulating bushings of these sealed-off 
ignitrons are made with such seals. The anode bushing 
of a large water-cooled tube is shown in figure 4. 

This figure also shows some of the important welds. 
The fernico cup on the top is welded onto the anode 
lead which is designed to carry 1,500 amperes, effective 
value. The fernico piece on the bottom is welded onto 


* Ordinary tap water has a hydrogen concentration of roughly 1 X 10~7 mole per 
liter. 
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This 
head is seam welded into a piece of seamless steel tubing 
forming the envelope. If a water jacket is desired, the 
tube envelope is flared out at each end beyond the header 
and a longer cylinder is seam welded on the outside as 
shown in figure 3. Welding machines equipped with 
thyratron control, using ignitron or thyratron power 
tubes, make these vacuum-tight welds and other welds 
where consistent high quality is essential. Thus ignitrons 
are an important part of ignitron manufacture. 

Even the air-cooled tubes made mainly of glass have 
been manufactured with metal tube technique. The 
essential difference in this case is that a larger piece of 
glass is used between the 2 fernico seals, for the glass is 
the insulating bushing and tube envelope as well. Al- 
though this glass construction has been quite popular, 
metal tubes are being made in all except the smaller sizes 
where the glass involved is of about the same size as the 
anode bushing of a larger tube. Figure 5 shows the 
smallest ignitron tube before being evacuated beside an 
anode bushing of a larger ignitron. This tube is made 
from parts of a similar but larger bushing. 

This new technique used in ignitron manufacture has 
many advantages over older methods: 


the steel head which forms the end of the tube. 


1. The vacuum-tight seals are mechanically strong and provide 
good support for heavy anodes and leads required by high current 
capacity. 


2. The metal construction provides good heat transfer and simplifies 
water cooling. 


3. The manufacturing processes may be closely controlled and do 
not require highly skilled labor, therefore they are less costly. 


4. The metal construction gives a product more accordant with in- 
dustrial psychology. 


i? a rr 
INCHES 

Fig. 4. A high-current 

anode bushing before 

seals have been made 


| 


Fig. 5. 
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Comparison of a small 
ignitron with the anode bushing 
of a larger tube 


Some of these construction features have promise of 
use in other fields. The metal-to-glass seals may be used 
as insulating bushings in other apparatus. The stainless- 
steel seam-welded water-jacket construction offers a 
simple cooler for heat transfer in other devices, and the 
welding used throughout the line exemplifies what can 
be done with modern welding technique. 


Performance of the Tubes 


These general design principles have been applied to 
ignitrons for a wide range of applications. All of the 
smaller tubes are air-cooled, and are used where the 
welds are either small or are made infrequently. The 
smallest tube is 11/2 inches in diameter and 3 inches long, 
yet it will control currents up to several hundred amperes. 
With this tube small welds such as are used in jewelry 
manufacture may be controlled. The demand for larger 
air-cooled tubes has been met with several other sizes, 
the largest of which will pass peak currents up to several 
thousand amperes, and can be used to time large welds 
which are not made in rapid succession. 

Application of water cooling to tubes of intermediate 
rating has brought a great reduction in size and cost. 
An example is the small water-cooled unit shown in figure 
6 which has a slightly higher capacity than the large air- 
cooled tube shown in the same picture. 

Large sealed-off water-cooled tubes are now practical 
for controlling peak currents of 7,000 amperes or more and 
average currents, at lower peaks, as high as 250 amperes. 
per tube. They are applied where either high peak cur- 
rent, high average current, or both are encountered. 

(Concluded on page 66) 


Fig. 6. A small water-cooled tube 
(left) that has greater current capacity 
than the air-cooled tube (right) 
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Contributions to Synchronous-Machine Theory 


By A. S. LANGSDORF 


FELLOW AIEE 


that the cylindrical-rotor 

thecry, based essentially 
upon the concept that the 
synchronous impedance is a 
constant for all loads and for 
all positions of the armature winding relative to the 
rotor, leads to gross inconsistencies when applied to 
salient-pole machines. The Blondel 2-reaction theory, 
and its extension by Doherty and Nickle,! have pointed 
the way to numerous improvements which bring the 
theory much more nearly into accord with the facts, but 
the conclusions thus far published have stopped short 
of a complete presentation of some exceedingly interesting 
deductions. It is the purpose of this paper to point out 
some features, apparently not previously known, which 
follow quite simply and naturally from the 2-reaction 
theory. This treatment is here limited to steady-state 
operation, perhaps not as important as the transient case 
of sudden short circuit, but the results are nevertheless of 
fundamental interest. 

It is desirable, partly by way of introduction, but 
mainly to facilitate future comparisons, to review briefly 
the essential features of the cylindrical-rotor theory, as 
applied to the case of a synchronous motor; the extension 
to the case of the generator then follows directly. Thus, 
in figure 1, let 


[ HAS long been known 


V = terminal voltage 

E = counter electromotive force or excitation voltage 
I = armature current 

Zs; = synchronous impedance 

Xs = synchronous reactance 

R, = effective resistance 

~; =tan Xs/Re 

gy = angle of phase displacement between V and I 


all of these quantities referring to one phase of the winding. 
The power (per phase) developed by the machine, 
including core loss, friction, and windage, is 


P = Vicos ¢ — I?R, (1) 
whence 
V Je 
es SS =S— — (2 
I R I cos ¢ R ) 


Adding to both sides of this equation the constant term 
(V/2R,)?, it becomes 


v \2 V V \2 Pe 
a hee to 3 
ot: (x) a se 1 aT (x) RS (S) 


The quantity V/(2R,) is obviously a current in phase 
with V, and it is a constant. Consequently the equation 
states that the sum of the squares of J and V/(2R,), 
minus twice their product times the cosine of the included 


January 1937 


In this paper the 2-reaction theory of synchronous 

machines is extended, for steady-state conditions, 

to present some new deductions apparently not 
previously known. 


angle, is a constant, provided 
FP is constant. This suggests 
the ordinary cosine law of 
trigonometry, and indicates 
the well-known construction, 
figure 2, for the circular cur- 
rent locus subject to the condition of constant power. 
The vector diagram, figure 1, shows further that 


(IZs)? = V2 + E? — 2VE cos 6 (4) 


where 6 is the variable torque angle, whence 


V \2 EX? V E 
LEM Mrs TN Ze akeiNar: aloe (5) 


Here V/Z, is a constant current lagging behind V by 
angle y,, as in figure 3, and E/Z, is a constant provided 
the excitation is held fixed. The same cosine law then 
shows that the current locus for a fixed excitation is a 
circle, figure 3, having its center at D, and it is readily 
shown that D is a point on the zero-power circle. It is 
to be particularly noted that this construction points to 
the conclusion that an unexcited motor (E = 0) can 
develop no power, which is not in accord with experi- 
mental facts. 


Equivalent Impedance, 2-Reaction Theory 


Applying the 2-reaction theory, the vector diagram 
takes the form of figure 4, where, as usual, y is the phase 
displacement between the armature current and the 
component (—£) of the impressed voltage which balances 
the counter electromotive force. In this diagram 


Ig =I cosy (6) 
Ig =TIsiny 
represent, respectively, the components of armature cur- 
rent in the transverse (cross) axis and in the direct axis 
of the machine; also 
Xq = Xq + Xi (7) 
Xq = Xq' + X} 
where X,’ and Xq’ are the reaction reactances in the 2 
axes; and X; is the true leakage reactance, assumed to 
be the same in both axes. 

From the diagram it is seen that 
Vesinvon= IgXq + TaRa (8) 
E — Vocos 6 = I¢gXa — IgRa (9) 
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Fig. 2 5 


which may be written in the form 
V sin 6 = I(Xgcosy + Ra sin y) = [Z_ sin (W + ¢g) (10) 


E— Vecosé6 = [(Xasiny — Ra cosy) = —IZa cos (W + ¢a) 
(11) 

where 

Zq = WV Ra? + Xq? 

Za = VR? + Xa? 


Xq 
tan—-! — (12) 
an 


a | 


¥q 


= tan~1} Xa 
¢d = R 

It is also plain from figure 4 that the equivalent im- 
pedance drop in the machine is the vector sum of V and 
E#, that is, /Z, and 


(IZ)? = (V sin 6)? + (Z — V cos 5)? (13) 
Substituting equations 10 and 11 in equation 13, 
Z* = [Z, sin (¥ + ¢q)]? + [—Za cos (¥ + ¢a)]? (14) 


which is at once recognizable as the polar equation of an 
ellipse with Z and y as the dependent and independent 
variables. 

The graph of Z as a function of y may be quite simply 
constructed as in figure 5. The positions of the major 
and minor axes, which define the maximum and minimum 
values of Z, are found by differentiating equation 14 with 
respect to y and setting the result equal to zero; thus 


d 
ye = — Z@ sin 2y + oa) + Zq? sin 2(y + gq) = 0 (15) 
which, when solved for y, gives 
2a — 2a) 
Coe Zq° sin 2% Za? sin 2¢q (16) 


Za? cos 2¢¢q — Zq* cos 2yq 
On substituting in equation 16 the relations grouped as 
equation 12, this reduces to 


2 tan p Re 
1 Stan? y  %/o(Xa + Xq) 


tan2y = (17) 


= cota 
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or 


igi ae VlXa + Xq) an \) a (2% + <9) 


Ry (18) 


Ra 

thus defining 2 values of y, 90 degrees apart, one of which 
corresponds to the maximum, the other to the minimum, 
value of Z. It may be noted in passing that the major 
axis of the ellipse is tipped up from the horizontal axis 
of reference at an angle o such that 


The maximum and minimum values themselves are most 
simply determined by transforming equation 14 to the 
form 


Za t+Ze , La 


2 Z,2 
VA ; ak ‘ cos 2(W + ga) — a cos 2(W + gg) (19) 


which, when expanded and rearranged, using equation 
12, becomes 


Za + Z¢? 
Zi = ad? Aq? © (ke — xara + (AEE Xe) x 


2 2 


sin (2 + a) (20) 


where the angle a, defined by equation 17, has the mean- 
ing indicated in figure 5. 
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The variation of the equivalent impedance Z as a func- 
tion of Y may be studied in another way by observing 
from figure 5 that its complex value may be written 
Z = —Zacos(y + ¢a) + jZq sin (¥ + ¢¢) 

Xa + 1) —wy _ Xa —Xq wy 
= agen — all KS = | Eee € 


a 


(21) 


<a (-x, apg 9 


This equation has the simple geometrical interpretation 
shown in figure 6; that is, when Y = 0, Z is made up of 


the directed magnitude OA = ( Seay eaeaet ) 


OS ber oo 
Sia, 
giving as resultant Zy.9 = OB = —R, + jX,. For 
any arbitrary value of y, OA swings clockwise, to OA’, 
while AB swings in a counterclockwise direction to A’B’, 
thus giving Z = OB’ for the particular value of yw indi- 
cated in the diagram. It will be noted that the angle 
between OA’ and A’B’ is always 2¥ — a’, where a’ is 
the complement of the constant angle a that appears in 
figure 5 and which is defined by equation 17. Finally, 
therefore, the variation of Z may be illustrated by the 
extremely simple diagram, figure 7, from which 


combined with the directed magnitude AB= —j 


Z* = (OC)? + (CP)? — 2(0C)(CP) cos (2y — a’) 


Ze@+ Z7 XxX, Xq\? 
= at Ed cry xy frat + (Es) x 


cos (2 — a’) 


(22) 


which is the same as equation 20. 

The variation of Z as a function of y may now be 
shown as in figure 8, which is constructed from figure 7 
by assigning various values to y and plotting the results 
in rectangular co-ordinates. It is seen that Z passes 
through 2 complete cycles of values for each cycle in the 
value of y, but the curve is not a simple harmonic func- 
tion of y as might at first glance be supposed to be the case; 


\ Fig. 6 
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it fluctuates between limits equally spaced on either side 


of the ordinate VR,? + (Xqg + X,)?/2, but the upper 
loops are slightly longer than the lower ones, as may be 
seen from the fact that in figure 7 the are through C, 
having O as center, divides the small circle into 2 unequal 
parts, so that a > 0 in figure 8. 

Otherwise expressed, when the square root of such an 
expression as equation 22 is evaluated by means of the 
binomial theorem, terms appear that involve the ascend- 
ing powers of the term cos (2 — a’), which means that 
the curve of figure 8 really consists of a fundamental (of 
double frequency) and a series of higher harmonics. 

It has long been known that the reactance of a salient- 
pole machine varies cyclically when measured at a series 
of successively different positions of the field poles rela- 
tively to the winding, but it has heretofore been assumed? 
that the reactance is expressible as 


X = Xaver + X’ cos (20 + vy) 


where Xaver is the average value over an arc of one pole 
pitch, X’ is the maximum deviation from the average, 
and @ is the angle, in electrical degrees, measured from an 
arbitrarily selected reference point on the armature sur- 
face. The analysis here presented shows conclusively 
that this assumption is not strictly correct, though it 
becomes very nearly so if Xz and X, are not greatly 
different. 


Current Locus, Constant Excitation 


Equations 8 and 9, when solved for J, and Jj, yield 
the following relations: 


VXq sin 6 — Ra(E —V cos 4) _ VZa cos (6 — ga) — ER, 


I,= 
: XaXq + Ra? XaXq + Ra? 


(23) 


_ VRo sin 6 + Xg(E — V cos 4) _ VZq sin (6 — gg) + EXg 


1 
g Nate Re NeXak RE 


(24) 


The form of these 2 expressions suggests a simple geo- 


Fig. 7 (right) 


Fig. 8 (below) 
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metrical construction for 
the current locus if E is 
maintained constant. 
Thus, in figure 9, OV 
represents the fixed ter- 
minal voltage and —OE 
is the excitation voltage, 
fixed as to magnitude, 
but displaced from OV 
by the variable torque 
angle 6. The lines OD 
= (V Za) Xen, ty Ka?) 
andOC = ((VZ,)/(ux, 
+ R,?), representing the 
constant coefficients that 
appear in equations 23 
and 24, are drawn at the 
fixed angles gg and g, 
respectively, with OV. 
Accordingly, when per- 
pendiculars are dropped 
from the points D and-C 
upon the line OE, it fol- 
lows that 


Rn eee 
~ XaXqt+ Ra? 
cos (6 — ¢a) 
and 
(LE = me V2 SK 
XaXq + Re? Fig. 9 


sin (6 — ¥q) 


On subtracting from OK the fixed length 


Ell = LN => a 
and adding to GC (which must be considered negative in 
the diagram since 6 < ¢,) the fixed length 


EG 


ce NX 4 Re! 


it is clear that in accordance with equations 23 and 24 


MP = Iq 
and 


OP = \/(OM)?+ (MP) = 1 


Now it is apparent from figure 9 that no matter what 
value is assigned to 6, the angle CLD is necessarily a right 
angle, hence its locus is a circle having CD as a diameter. 
The magnitude and position of CD are readily fixed in 
terms of the co-ordinates of points C and D as indicated 
on the diagram, from which it appears that CD is per- 
pendicular to OV and that 


= V(iXa — Xq) 


CD = 
XaXq + R,? 


44 Langsdorf—Synchronous-Machine Theory 


The center of the circle CLD is at O’, which has the co- 
ordinates 


XaXq + Ra? 2 


VRa 
CDEDG gt Ra? 
consequently the line OO’ = Jp is fixed in length and is 
tipped up from the horizontal by the same angle a’ 
that appears in figure 6. Since the angle CDK = 6 by 


construction, it follows that the radius vector O’L = Iz is 
inclined to O’C at an angle 26. Finally, the vector 


2 2 % 
pp ss) +( ga) 2 Eee 
XdXq + R,? XaXq + R,? XdXq + R,* 


is also fixed in length so long as E remains constant, and 
it is inclined to the horizontal at an angle (6 + 9, — 90), 
as indicated in figure 9. 

So there develops the remarkably interesting fact that 
the current vector OP = I is the vector sum of 3 com- 
ponents, 2 of which, Jy and J:, are permanently constant 
in magnitude, and the third component, J,, is constant 
for a fixed excitation; for different excitations I; is di- 
rectly proportional to the excitation. But while the 3 
components are constant in magnitude (for a given value 
of E), they are linked together at phase angles which 
change with 6 in an interesting manner, with the result 
that the current locus has the irregular form shown in 
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figure 9, which has been drawn for the condition E = 
(5/4) V; and Za/Zq = °/3. 


Expressed in complex notation, 
fle i th (25) 


where 


V 6 X,\2 ja’ 
|p yr + (ete as ‘) coo 
dXq+ Ra 2 


Io (cos a’ +7 sin a@’) (26) 


V Nees) Ng 
i ate 8 7, (cod 28 = sin 25), (27) 
coe ey 
EZ ot 
I = f 70Fe0) < — 7, [sin (6 + oq) + 


x ERY 


jcos(8 + ¢q)) (28) 


These results may at this point be compared with those 
of the cylindrical rotor theory. To do so it is only neces- 
sary to impose the condition that Z3 = Z, = Z;, or 
Xqg = X, = Xs. When this is done, the vector I, van- 
ishes; the points O’ and D, figure 9, coalesce with point 
C, which then has the co-ordinates 


VXs ; 
———— _ =— Sin ¢s 
Xigt- Ree Zs 
and 

VRa 

COS Ys 


Re teR,? | Ze 


which are the same as those of point D, figure 3; and the 
irregular current locus of figure 9 degenerates to a simple 
excitation circle of the type shown in figure 3. This 
circle is indicated in figure 9 as curve C’, having its center 
at C and a radius equal to LP. 

To construct the current loci corresponding to different 


_V_9 CENTER OF 
2Ral| POWER CIRCLES 
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values of the excitation voltage E, it is only necessary to 
modify the dimensions of triangle LPN in the desired 
ratio; otherwise all construction lines remain the same 
as in figure 9. The effect of varying E from zero to 
(7/2) V, by steps of V/2, is shown in figure 10. 

Figure 10 brings out vividly some extremely interesting 
characteristics. One of them, known to be an experi- 
mental fact, is that an unexcited motor (EZ = 0) is capable 
of carrying a theoretical maximum load corresponding to 
the power circle P,, drawn tangent to the small circle 
E = 0. The remaining power circles, indicated as Po, 
P;, ... Ps, are all drawn tangent to the curves of con- 
stant excitation, and the points of tangency have as their 
loci the curve marked “‘stability limit.” 

Another point of interest is the shape of the excitation 
curves, which bulge outward to the left, and descend 
below the zero power circle more than they rise within it. 
This is a natural consequence of the difference between 
the action of the machine as a generator (outside the 
circle P = 0) and the action as a motor within the circle 
P = 0. On the right, beyond the stability limit, the 
curves are flattened when Z£ is large, they develop a con- 
cave depression as E becomes smaller, and finally, for 
sufficiently small values of £, this depression becomes a 
re-entrant loop. 

The nature of this re-entrant loop is shown somewhat 
more clearly in figure 11, where the points O and O’ and 
the small circle on CD as a diameter have the same 
meaning as in figure 9. The small triangle shown in 
successive positions in figure 11 is the same as triangle 
LPS, figure 9; for values of 6 from zero to 150 degrees, 
inclusive, the triangle is cross-hatched; in the remaining 
positions it is left blank to avoid confusion. 

The interesting linkage of the vectors OO’, O’L, and 
LP of figure 9 led to the construction of a working model 
in which the 2 movable vectors were ruled with India 
ink on strips of transparent sheet celluloid, suitably 
pivoted together. Placing these links in the positions 
corresponding to 6 = 0, and then moving them bit by bit 
as the torque angle was gradually increased from zero to 
360 degrees, it was possible to photograph the model in 
successive positions, thereby yielding a film suitable for 
use in a moving-picture projector. It is quite interesting 
to observe this animated vector diagram, which has been 
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so made that the excitation locus is drawn as the vectors 
move. 

While no particular importance attaches to the fact, 
it may be noted that the excitation which marks the 
point of division between those excitation loops wholly 
exterior to circle CD, and those which lie partly inside it, 
is determined by the consideration that 


pe EZ Vig SX) 
Se ee Se PR, RE 
Or 
Xp 
ee) (29) 
Zq 


and that the point of osculation between this limiting 
loop and the circle occurs at a value of 6 such that 6 = 
180 — a’. 

When the armature current J(= OP), figure 11, is 
plotted in rectangular co-ordinates as a function of the 
torque angle 6, curve | of figure 12 results. For the sake 
of comparison, there has been drawn on the same diagram, 
as curve 2, the variation of armature current when E = 0, 
the ordinates being taken directly from the circle CD of 
figure 11. Curve 2 will be recognized in terms of the 
now familiar slip test; it is the envelope of an oscillogram 
of the armature current taken with the field unexcited 
and the rotor turned at a speed differing slightly from 
synchronism.* Curve 1 of figure 12 is then the envelope 
of the armature current oscillogram taken in the same 
manner but with the field magnetized to a small fraction 
of normal excitation. It can be seen from figure 10 that 
in the case of both curves 1 and 2 the machine is acting 
as a motor for somewhat less than half of the interval 
corresponding to slipping a double pole pitch, and is a 
generator the remainder of the time; but in the case of 
curve 1, whose polar equivalent has the re-entrant loop 
projecting outside the zero power circle, the initial motor 
action is followed by a brief period 
of generator action, then by another 
short motoring interval, before the 
full period of generator action sets in. 

One additional feature worthy 
of consideration is the effect of 


* The slip test seems to have been first developed 
and used by K. H. Haga; see L’Eclairage Elec- 
trique, 11, 1X, 1909; also article by J. A. Schouten, 
Elektrotechnische Zeitschrift, volume 31, page 
877, 1910. 
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EXCITATION VOLTAGE 


Fig. 13 


regative excitation, that is, of reversing the field po- 
larity. It is obvious that if H is reversed in sign, the 
effect is to reverse the phase of vector LP, figure 9; but 
figure 11 shows that for any position of vector O’L the 
excitation triangle LPS necessarily appears in 2 dia- 
metrically opposite positions, hence the excitation loci 
with reversed excitation are identical in form with those 
shown in figures 10 and 11, but the sequence of values is 
reversed. In any case the locus passes through a region 
lying within the zero-power circle and motor action is 
possible. 


The V-Curves 


The V-curves constructed from figure 10 are just as 
distinctively different from those usually derived from 
the cylindrical rotor theory as are the excitation curves 
of figure 10 in comparison with the customary circles 
(figure 3). The V-curves are shown in figure 13, and it 
will be seen that those portions lying below the stability 
line Hy resemble quite closely the curves determined by 
actual test. Curve MM, passing through the lowest points 
of the curves, defines the condition for unity power factor; 
unlike the corresponding curve derived from the cylin- 
drical-rotor theory, it does not have a point of minimum 
excitation at a value of armature current greater than 
zero; on the contrary, the minimum excitation consistent 
with unity power factor occurs when E = /. 

While it is quite true that any discussion of the V-curves 
lying above the stability curve H>2 is academic in the 
sense that these portions of the curves are beyond the 
practical limits of operation, they still possess several 
points of theoretical interest. One of them is that the 
curve corresponding to zero power lies partly inside a 
curve corresponding to a positive amount of (motor) 
power. This result, when first encountered, was quite 


. unexpected, but it is a consequence of the fact that the 
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excitation loops of figure 10 are indented for values of the 
torque angle approaching 180 degrees; some indication 
that this phenomenon actually occurs is to be found in 
the experimental curves published* by Douglas, Engeset, 
and Jones; the effect is likewise indicated by J. F. H. 
Douglas’s closing remarks in the discussion of that paper. 

Perhaps the simplest way to visualize the relations 
represented by the V-curves is to regard them as contour 
lines of a surface which has as co-ordinates the dependent 
variable J and the 2 independent variables E and P. 
When this idea is carried back to figure 10, it follows that 
the power circles P = O, Pi, Po, . .. etc., are likewise 
contour lines of a surface which will be shown to be a 
paraboloid of revolution; and that the excitation loops 
are sections of general cylinders having their axes per- 
pendicular to the plane of figure 10. The intersections 
of the paraboloid and the cylinders then define the 
armature current and fix the shape of the V-curve. 

The proof that the power circles of figure 10 are sec- 
tions of a paraboloid follows immediately from equation 1, 
which is the equation of a parabola having J and P as 
the dependent and independent variables, all other 
quantities, including the phase angle ¢, being constant. 
The condition cos g = 1 obviously defines the diametral 
section of the paraboloid, which is shown as figure 14. 
The vertex of the paraboloid, corresponding to the theo- 
retical maximum power that the machine can develop as 
a motor, is defined by the condition that the right-hand 
member of equation 3 cannot become negative, whence 
Pmax. = V?/(4R,). The base of the paraboloid corre- 
sponds to zero motor power (P = 0), but the paraboloid 
extends indefinitely below this particular section, and in 
that region represents generator power. It is therefore 
quite simple to visualize conditions when the excitation 
loops of figure 10 pass outside the zero-power circle; 
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the geometrical meaning is that the excitation cylinder 
intersects the power paraboloid below the ‘‘base’’ of the 
latter. The curve of intersection corresponding to 
E = (3/2) V is shown in vertical projection in figure 14. 


Condition for Unity Power Factor 


Inspection of figure 4 shows that when ¢ = 0 (i.e., 
cos g = 1), YW = 6. Consequently equations 10 and 11 


become 

V sin 6 = IZq sin (6 + ¢) (30) 

E — Vecos 6 = —IZq cos (6 + ¢q) (31) 

from which 

sin 6 = ees (329 
(V — IR,)? + PX aX 

cos 6 = slr eS) (33) 


(VaR ak, 


Now it will be seen from figure 9 that when the current 
vector J(= OP) is in phase with V the algebraic sum of 


the quadrature components of Jo, J2, and J, is zero. Hence, 
from equations 26, 27, and 28, 
In cos a’ — I, cos 26 — J, sin (6 + gg) = 0 (34) 
and 
Tcos @’ = 
COS a Yat, + Re 5 (35) 
V Ng 
I a an eS eee 
: XeX GR 2 ee) 
I ~) EZ, 7 
3 — XaXq+ Ri? sae 


From equations 30 and 31 it is now possible to express 
cos 26 and sin (6 + g,) in terms of E, J, and the machine 
constants, and on substituting all these relations in equa- 
tion 34 the final result is 


[((V — IRa)? + I2XaXq]? = E*[(V — IRg)? + I2X,?] (38) 


which is the complete equation of curve M, figure 13. 
It is obviously an equation of the fourth degree, but if it 
may be assumed that JX, and LX, are not large in com- 
parison with (V — JR,) it is a reasonable approximation 
to write 


E? = (V — IR,)? + 2X 4X4 
or 
E? = V24+ DPX4X, (39) 


which is a hyperbola. 


Condition for Stability 


The stability limit indicated in figure 10 (drawn for 
the region of motor action only), and its counterpart, 
curve H7; of figure 13, are defined by the condition that 
the machine is developing the maximum power consistent 
with the excitation. Hence the stability limit may be 
found by imposing the condition dP/dé = 0. 
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In order to express without any simplifying approxima- 
tions the power developed (P) as a function of the torque 
angle (5), use may be made of the concept underlying the 
2-reaction theory that the armature winding is subjected 
to the action of 2 fictitious sets of field poles in addition 
to the actual poles. One of these fictitious sets of poles 
lines up with the actual poles and either magnetizes or 
demagnetizes the latter depending upon the phase con- 
ditions; the other fictitious set of poles lies midway be- 
tween the actual poles. The cross-magnetizing com- 
ponent of armature current, J,, reacts directly with the 
net flux in the direct axis to produce torque and power, 
while the direct component of current, Jz, reacts directly 
with the transverse flux. Referring to the particular 
phase conditions represented in figure 4, it follows that 
the power developed is given by 


e (£ ae IgXa)Iq + (IgX q)la 


= Elg — Igla(Xa¢ — XQ) 


(40) 


Substituting for J, and Jz the values given by equa- 
tions 23 and 24, the complete expression for the power 
is found to be 

VEZiZ {2 003 (6 — va) + VER |Z Xa — Xo) sin (8 — 3) = 
V*ZaZq(Xa — Xq) sin (6 — gg) cos (5 — vq) — E*RaZ,? 
(XaXq + Ra*)? 


(41) 


whence the accurate expression for the stiffness or coupling 
factor is 

VER,Z( Xa — Xq) cos (6 — vq) = VEZaZq? sin (6 — va) — 
dP V2ZaZq(Xa — Xq) cos (26 — ga — 99) 
dé (XaXq + Ra?)? 


(42) 


If, in equations 41 and 42 the approximation is made 
that terms involving R, may be neglected, and that 
correspondingly gg = ¢, = 90 degrees, they reduce to 


VE IOS ee Fe 
ies SITIO a 26 43 
Xx sin 6 + 2X gx sin (43) 
GP VE V*(Xa — Xq) 
COS 0 ee 26 44 
- Xa cos 6 + ie cos (44) 


which are the same as those derived by Doherty and 
Nickle by a somewhat different procedure, but which has 
the disadvantage that it masks some of the finer points 
of the theory. The differences between the accurate 
and the approximate expressions are shown graphically 
in figure 15. 


Effect of Saturation 


The full effect of saturation of the magnetic circuit is 
apparently beyond the scope of any reasonably simple 
analysis. Approximate methods have been proposed by 
Doherty and Nickle,’ and also by Blondel.*® Ordinarily 
it is sufficiently accurate to assume that the saturation in 
the armature iron and in the path of the cross field is 
negligible, and that the significant saturation occurs in 
the pole cores.!_ These assumptions lead to the conclusion 
that the reactances Xz and X, may be treated as con- 
stant, from which it follows that in figure 9 the only 
component vector which is affected by saturation is 
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LP = (E£Z,)/(XaXq + R,?). Analytically, it is fairly 
accurate to write Froehlich’s equation 


aF 


Sror ie 


where a and 6 are constants, and F is the excitation in 

ampere-turns, which is equivalent to the assumption that 

the saturation curve of the machine is a hyperbola. 
Writing equation 45 in the form 


bE 


a-—-£ 46) 


F= 


F may be computed for any assigned value of E, and it 
then becomes possible to correct the V-curves of figure 13. 
The same procedure may be effected quite simply by a 
purely graphical method in the manner indicated in 
figure 16. A portion of one of the V-curves of figure 13 
is reproduced in the first quadrant of figure 16, and the 
saturation curve is drawn 
in the fourth quadrant. 
For any excitation volt- 
age, £,, the correspond- 
ing field excitation is rep- 
resented by Fi, and the 
2 values of current cor- 
responding thereto are J, 
and J;’, which may then 


ARMATURE CURRENT, L 


ORIGINAL 


be laid off to the left of F,in the third quadrant. The effect 
is seen to be to stretch the V-curves, the amount of 
stretch increasing rapidly as the field excitation becomes 
greater, provided the saturation is sufficient to yield a 
definite knee to the saturation curve. 


References 


1. SyNcHROoNOUs Macuines—I, R. E. Doherty and C. A. Nickle. 
TRANSACTIONS, volume 45, 1926, page 912. 


AIEE 


2. VARIABLE ARMATURE LEAKAGE REACTANCE IN SALIENT-POLE SYNCHRO- 
nous Macuines, V. Karapetoff. AIEE Transactions, volume 45, 1926, page 
729. 


3. CoMPpLETE SYNCHRONOUS Moror ExciTaTION CHARACTERISTICS, J. F. H. 
Douglas, E. D. Engeset, and R. H. Jones. AIEE TRaNnsAcTIoNs, volume 44, 
1925, page 164. 


4. SyncHRoNovus Motors anp CONVERTERS, A. Blondel (translated by C. O. 
Mailloux). 1918, part 3. 


5. Revue General d’Elecirique, volume 5, 1919, pages 811 and 843. 


ELECTRICAL ENGINEERING 


Synchronous Machine wit Solid Cylindrical Rotor 


By C. CONCORDIA 


ASSOCIATE AIEE 


the development and ap- 

plication of the equations 
of a cylindrical-rotor syn- 
chronous machine, taking into 
account the eddy currents in 
the solid iron rotor. The 
equations for the electro- 
magnetic field in the rotor and 
air gap due to stator and rotor 
currents are set up in terms of 
the magnetic vector potential. These field equations are 
then related to the circuit voltage equations of a sym- 
metric 3-phase stator winding and a single field winding. 
The final expressions are solved for the case of symmetric 
3-phase currents and constant speed and applied to the 
calculation of 3-phase short-circuit current, field-current 
build-up, and flux decay. 

In previous treatments of electrical machines, circuit 
analysis has been the predominant tool. Some of the 
machine constants have been computed with the aid of 
coefficients found from flux plots, or by taking into 
account nonuniform distribution of current in conductors, 
or the actual circuits replaced by equivalent sinusoidally 
distributed windings, but always the actual analysis has 
been of a circuit. In this paper a departure is made by 
considering the behavior of solid-rotor synchronous ma- 
chines from the point of view of field-distribution theory. 
This is particularly desirable since no definite circuit in 
which the rotor eddy currents must flow presents itself 
in the actual machine. Previous analyses of solid-rotor 
machine performance have represented the rotor by an 
equivalent circuit computed from steady-state eddy- 
current relations. The present treatment by going back 
to fundamentals and avoiding the short cuts of the ordi- 
nary engineering circuit theory thus presents an oppor- 
tunity to test the validity of such representation for 
calculations of transient phenomena. The differential 
equations governing the field distributions are set up 
from Maxwell’s equations. These are expressed in terms 
of a magnetic vector potential, introduced in order to 
correlate them for the rotor and stator, since as ordinarily 
expressed in terms of electric intensity they are valid only 
for systems at rest. 


[ this paper are presented 


Assumptions 
The analysis is based on the following assumptions: 


1. The rotor permeability is a constant. 
2. The stator permeability is infinite. 


3. The presence of slots is neglected in both rotor and stator, a 
uniform equivalent gap being used. 
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In this paper a rigorous mathematical analysis of a 
synchronous machine with solid cylindrical rotor 
is presented. The analysis embodies a departure 
from the usual method of considering machine 
performance by means of circuit theory, and pre- 
sents an attack from the point of view of field- 
distribution theory. Such an analysis is desirable, 
for it provides a definite means of considering the 
effect of eddy currents in the solid iron rotor. 


H. PORITSKY 


Member Am. Math. Soc. 


4. The machine is so long that 
end effects may be neglected; 
thus the field is 2-dimensional. 
5. The circuit conductors are of 
negligible depth and are distributed 
on the rotor and stator surfaces (see 
also assumption 3). 


6. The rotor and stator surface cur- 
vatures are small compared to the 
air gap length. 


7. To take account of the end ef- 

fects and slot leakage, provisional 
corrective terms (so-called leakage inductances) are included in 
the circuit equations. In correlating the calculations with test 
results these terms are found to be very important and it is in- 
tended to investigate the effect of eddy currents in the leakage 
fluxpaths as the next step in the development of the theory. 


It may be stated broadly that the present purpose is to 
compute correctly the effect of eddy currents in the main 
flux path. The results are here compared to similar 
calculations for a laminated rotor machine, so that the 
effect of the solid rotor body may be seen directly. 


The Field Equations 


Maxwell’s equations for the electromagnetic field, for 
the present case, and for axes fixed in the medium, are 


Ux S0457 (1) 

VCH et = Ost Bs eee eT (2) 
at ieee eas 

ViB =s00) a(V =F OMe Bee 0 (3) 


where all quantities are in practical cgs units. 
In conducting regions they yield 


V?E = 4nu10~9 <i (4a) 

or, since 

t= EH, (4b) 

V2E = 4rvu (re = ge E = BE (Sa) 
ot ot 

while in nonconducting regions 

V?E =0 (5b) 


At surfaces (such as the rotor and stator surfaces) where 
current sheets are flowing, the last equations are replaced 
A paper recommended for publication by the AIEE committee on electrical 
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| Fig. 1. Orientation of 
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Fig. 2. Ampere-turn distribution for 
one rotor or stator coil 
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by a boundary condition specifying the discontinuity in 
the normal derivative of EH. Thus if along a surface 


(y = constant) there is a current sheet in the z-direction 

of linear intensity J, then: 

AH, = —04rI (6a) 

where AH, is the increment or discontinuity in H,. 
From equations 6a and 2 

ra) re) 10£ ra) 

— (AH,) = A— A, = —108 A | —-— ] = —04r —T 6b 

ap Hs) ery (; 4 "Ot ep) 


For long rotors, neglecting end effects, the currents and 
induced voltages may be assumed to point in the z-direc- 
tion (i.e., to be parallel to the rotor axis) and to be func- 
tions only of x, y; while the magnetic field is normal to 
the z axis and also independent of z. Therefore, let 


= E(x, y) 


and obtain from equation 2 


E,=E 


(7) 


This shows that the magnetic field can be expressed in 
terms of a single (now scalar) function E as far as its 
changes are concerned. However, this induced electric 
field # is not invariant under motions relative to the axes 
employed. Therefore, to compute the proper induced 
voltages in coils in motion with respect to the field, as 
e.g., in the stator coils due to the motion of the rotor 
and to take account of static magnetic fields, we intro- 
duce a vector magnetic potential y defined in the original 
system of co-ordinates by the relation 


t 
v= ff Edt 


whereupon equations 2, 3, and 5a may be replaced by 


(8) 
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H=-——vxy (9) 
ia 


(10) 
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Vy = 4p 10792 (11) 


and boundary condition of equation 6) by 


(12) 


The vector potential can be defined by this set of equa- 
tions and since it points in the z-direction still offers the 
possibility of expressing the magnetic and electric fields 
in terms of a single scalar function. This function (or 
rather, —10® y) may be interpreted as the total flux 
enclosed between the point in question and a reference 
point and is in fact perfectly analogous to the flux linkage 
of circuit theory. 


The Circuit Currents 


As explained under the assumptions, it will be assumed 
throughout the following that a proper mean radius has 
been chosen both for rotor and stator and that smooth 
cylindrical surfaces of these mean radii actually replace 
the slotted rotor and stator surfaces. The armature and 
field windings are considered to be ribbon-like and to lie 
on these surfaces. Developing the rotor and stator sur- 
faces along parallel plane surfaces in accordance with 
assumption 6, and replacing the rotor and stator by semi- 


BBR aSGE rn ae Tae 
Bese ae 


PER UNIT CURRENT 
oO 


CER ECERGEECE EE 
[elt le ata HH oon 
a 2 EES > ie ie 
120 240 360 480 600 720 
TIME—ELECTRICAL DEGREES 


Fig. 3. Short-circuit current of a turbine generator 
Phase-a switch closed at instant of minimum linkage 


Case 1 —/; = 0.18, u = 100 
A—With solid rotor B—With laminated rotor 


infinite blocks and the rotation w’ about the z-axis by an 
equivalent translation, we arrive at figure 1. 
the rotor is rotating with angular velocity w’. 
Maxwell’s equations are for axes fixed in conducting 
materials, we take x, y, g axes fixed in the rotor as shown 
and let x1, y, 2 be similar axes fixed relative to the stator. 
Thus 


=x — r fata 


Consider one rotor coil with current J,, and several 
stator coils with currents J,, J,,... The actual ampere- 
turn distribution due to these currents may be as shown 


(13) 
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eae 


Suppose — 
Since — 


in figure 2. The rectangular blocks correspond in position 
to the slots. (It should, of course, be understood that 
figure 2 is only representative and the number, height, and 
spacing of the ampere-turn blocks depend on the machine 
being analyzed.) If the equation of this curve is a(x), 
then the ampere turns due to rotor current J, is I,a(x). 
The function a(x) is periodic of period J, and is odd about 
the pole center and even about a line midway between 
adjacent poles. 
Hence 


(14) 


Similar ampere turn curves apply to each stator coil. 
For one of these coils, e.g., we have: | 


Ampere turns = J, b (x1) 
where 0d is again odd and even as above, and 


NCA) = ) Bn cos nax, 


n=m13,. <% 


(1S) 


If there are 3 stator coils with similar winding distribu- 
tions, obtained from that of coil a by translating through 
120 and 240 electrical degrees, the total stator ampere 


turns are 
21 
es 


To find the field, we express the stator ampere turns 
also in terms of x, i.e., in terms of co-ordinates fixed with 
respect to the rotor and then solve the equations 


I,(%1) = Igb(x1) + Ip (« =F 2) ae 10 ( = om (16) 


V*y = 0 (17) 
in the gap, and 
lv? — B*ply = 0 (18) 


in the rotor for the vector potential Y, picking the solution 
which: (a) is zero for y = — ~~; (0) is continuous at the 
rotor (and stator) surface; and (c) is such that at the 
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Fig. 4. Short-circuit current of a turbine generator 


Phase-a switch closed at instant of maximum linkage; other 
conditions same as for figure 3 
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rotor and stator surfaces y = 0, y = g, — AH, = 0.47 
times the surface current density. 
By equation 12 these conditions are: 


O ib) 
= Eeaty = 45 10-* I;(x) (19) 
Oy ly=0+ OY |y=0- 
a 
—-—y = 47 10-°T,(x) (20) 
oy |y=g— 


The induced electric field E can now be found from the 
relation 


fe) 
= 21 
E 7 y (21) 


Coil Voltage Equations 


With £ known, the voltage equations for the coils may 
be obtained by adding to the applied voltage the integral 


of the induced voltage E over the length of the coil. For 

the rotor coil: 

IE = ae 2b {als Ede (22) 
0 


To treat the stator coils which are now moving relative 
to the x, y, z system, recall that the function —10*Y isa 
measure of the instantaneous flux linking any point. 
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Fig. 5. Short-circuit current of a turbine generator 


Phase-a switch closed at instant of minimum linkage 
Case 9—I, = 0.09, un. = 100 
A and B—Same as for figure 3 


Thus to find the induced electromotive force in a coil in 
motion relative to the x, y, z system, e.g., a stator coil 
fixed in the x, y, z axes of the stator, we need only express 
y in terms of x), y, 2 and then use an equation similar to 
equation 21: 


re) 
E(x) = Ot vy (x1, y, t) (23) 
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For stator coil a the electromotive force equation is 


rslqg = a + ze b(x1) E (a) dx; (24) 


Similar equations hold for the other 2 stator coils. 


Current With Constant Speed 


We now assume constant rotor speed. Then from 
equation 13, 


x = xX — r(w’t + y/k) 
= x — (wt + y)r/k 


(25) 
ax; = ax — ot — vy 


To simplify the solution we represent the applied 
voltages by the relations 


Ca Cet + Cue sae + e@& 
Cea ete Coase 0% (26) 
co = Cael 4+ C! ar eS 4 ey 
where a = e278 = —1/, + jr/3/2 is the primitive 


cube root of unity. In the case of balanced 3-phase 
sinusoidal voltages, C, C’ might be chosen so as to yield 
real voltages e or else C’ might be made to vanish and 
the real parts of the resulting complex voltages and cur- 
rents identified with the physical voltages and currents. 
The stator currents may be expressed in similar form as 
Ig = D eft + D! Sot + Gy 
Ip = a Deft 4+ aD! eS 4 Gy 


(27) 
I, = aD et + a2 D' eI 4+ ig 


where D, D’, and 1% are yet to be determined. Then from 
equation 16 the total stator ampere-turns are: 


: l 2 
Is(%1) = Debt! ate) + ab (« +3) w(s ar 3) = 
A 1 21 
D'e4 ie + ab (« + 3 + a’b (« + ll ae 
; l 21 
a ote ae i( +5) ae U (« AP ll (28) 


or, after some algebraic reduction utilizing the relation 


1+ a® + a” = 3 or 0 according as 7 is or is not divisible 
by 3 
I; (x) a5 Bin+1| [DeI +1) (ex —¥) —Jnut de 


n=0, +6,... 


D'e~I +1) (ax—¥) +jnot) 4 io > Bi3n\ [e73n (ax — wt —y) ae 


n=21, +3,... 


e—J8n(ax— wt —Y)] (29a) 


In terms of x,, or referred to the stator, 
I(x) = : > Bin +1| [Dede +5(n + lax Be D'e—Jot —i(n + lax] a 
n=0, +6,... 


5 By3nl [es8nan de e— J8nax] (29b) 


N= 1 Byes 


From equation 29 it is seen that if 7% = 0 and D and 
D’ are constants, J, may be described either as a sinusoidal 
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Fig. 6. Short-circuit current of a turbine generator 


Phase-a switch closed at instant of maximum linkage; other 
conditions same as for figure 5 


wave e*/*—” stationary relative to the rotor but modu- 
lated by a function fixed relative to the stator or as a 
sinusoidal wave stationary relative to the rotor plus 
harmonic waves which travel along the rotor with speeds 
only slightly tess than that of the rotor. 

Now suppose the J,, D, D’ vary as e?, i.e., substitute 
Ie"' for I,, etc., where the new J,, D, D’, and w are 
constants, and solve the field equations 17, 18, subject 
to the boundary conditions expressed by equations 19 
aud 20, and with the current distributions expressed by 
equations 14 and 29a simultaneously present. From the 
resulting y find EH by means of equations 21 and 23, then 
substitute in equations 22 and 24 to obtain the circuit 
voltage equations (see appendix II). Considering only 
the fundamental components, there result the following 
4 linear equations in J,, D, D’, and 1%, 


| as | . oe (De~4” + Det’) =e, 
, (30a) 
KA,Byes7 

| Aaa +9 | + | et EE 440) pac com 
KA,Bye J = (uq + v) : ye Vay 
ke 20 (p is) | + | + Pages (p ~ ia) |p =C 

(30c) 

[rs + lop]to = e (30d) 


where 
K =2710°Z/lk 
Q = qcosh ag + sinh ag 


Sb] 


3KB,? 
u = 1, cosh ag + : 


sinh ag 


E 3KB,2 
vy =1,sinhag + ~ cosh ag 
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In these equations there have been included field and 
armature leakage inductances which were omitted from 
the previous steps of the development in order to avoid 
undue complication. Solving equations 30 for the cur- 
rents I,, D, D’ in terms of the applied voltages, we find 


AI, = a?{ (p? + w)(ug +0)? + 7.0 [750 + 26(uq + 2)] $e, — 
3 5 d 
5 KABiap{rQ(Ce-F" + C'ei7) + 
(ug + 0) [(p — jw)Ce-I7 + (p + jw) C’ei7] } (31a) 


1 : 
AD = — g KA Biae™((p? + w)(ug + 0) + rob + jo)Qler + 
G + Lp)a*Q{ (pb — jw)(ug + v) + 7,Q} + 


i 
KA,ap . (p—jw) [uQ+cosh ag(uq+v)] +7r;Q cosh ag \ C+ 


3KB,? 
KA,ap ~(p + ju)ed7C’ (31b) 


AD! = — = KAsBuaeA1(p" + w?) (ug +v) + rs(p — jw)Q\e, + 
| + Lele + fedlua +0) +10} + 


1 
KAj?ap ve (p+jw)[uQ+cosh ag(ug+v)] +75Q cosh ag \ Cc’ + 


3KB,? 
KA,2ap > (b — jue“ (31c) 


where 


A = (R+Lp)a*{ (p? + w)(ug + 2)? + rsQ[rsQ + 2p(ug + 0)]} + 
KAyap{ (p? + w)u(ug + 0) +75[O(rs cosh ag + up) + 
cosh ag (ug + v)p]} (31d) 


ELECTRICAL TORQUE 
The torque may best be computed by considering the 
interaction of the stator current with the normal com- 


ponent of flux at the stator surface. We then have in 
egs units (ergs), 

Y 
Torque = —0.17rZk fue [Hy (x1) ] y = dx (32) 


Considering only the fundamental component, we have 


1, (x1) = : By [Dei +e%) a D'e— I (wt + ax)] (33) 
0.4 

{H,(x)]y=2 = set I, sin (ax, + wt + vy) + 

1.27B, (cosh ag + gq sinh ag) [Deilantot) _ D'e~Iamt+ot)) (34) 


2jQ 

If J, and H, are real, the expressions above will give the 
instantaneous torque correctly; however, if they are 
complex we must either take the real parts before sub- 
stituting in equation 32 or else add to equation 32 a 
similar expression obtained by replacing either the field 
or the current by its conjugate imaginary and take the 
real part of half the sum. 


THE OPERATIONAL SOLUTION AND ITS EVALUATION 


In the above solution time entered as e™ (or e 
where p was a constant. The solution can be adapted, 
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Fig. 7. Short-circuit current of a turbine generator 


Phase-a switch closed at instant of minimum linkage 
Case 3 — /; = 0.09, » = 1,000 
A and B—Same as for figure 3 


however, to the study of arbitrary applied voltages and 
in particular to various transient problems by regarding 
them as operational expressions. Thus if the expressions 
for I,, D, D’ in equation 31 be considered to operate on 
the unit function, the result represents the currents 
obtained when, in the applied voltages, e,, C, C’ are 
replaced by e,1, C1, C’1. According to the modern 
interpretation of operational calculus the operational 
solution is obtained merely by superposing the solutions 
for various values of p. More exactly the operational 
expressions just described are to be viewed as the coeffi- 
cients of e”/p in the Bromwich integral. 

The equivalent time functions cannot be directly found 
in tables. To evaluate the operational expressions, note 
that they are rational fractions in p and gq, g being the 
square root of a factor linear in p. They may be con- 
verted to rational fractional functions of g by expressing 
p in terms of g, as 


Y 5 i= 
p= (3) [(ug) 1] 


If the resulting functions of g are now expanded in partial 
fractions the result is of the form 


> an 
q In 
n 


where q, are the g roots of the denominator A expressed 
in terms of g. Replacing q by its equivalent in p, there is 
obtained 


(35) 


bn 
(36) 


n 


In this form f(p)1 may be evaluated (it will be noted 
that the operational expressions in p correspond to the 
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integrand of the Fourier rather than the Bromwich inte- 
gral, and thus operate on $1, that is on the unit impulse, 
rather than on 1) by the formula! 


1 


1= (37) 


: (cape erf (pt)? — ce’ P)lertc (ct?) | 
(p+ p)i +c e. 


Cc — 


where erf(x) is the error function, defined by the equation 


D} ie 
— e~*'dx 
wall 


and erfc(x) is the complementary error function 


erf(x) = 


erfc(x) = 1 — erf(x) 


As A is a polynomial of the eighth degree in g there will 
be 8 terms like equation 37 in the final expression for 
current. Actually it is found that the g roots of A are 
in general complex so that the value of the error function 
of (ct2) cannot be found in tables but must be computed 
by expansion in series. 

It is of interest to indicate the degree of complexity of 
the result and its simplification as affected by further 
assumptions: 


1. In general an eighth degree equation in g must be solved. 

2. If the field resistance R is zero, the degree reduces to 6. 

3. If the armature resistance 7 is zero, only a cubic need be solved. 
4, 


If both field and armature resistance are zero, the denominator 
is reduced to linear factors. 


5. If the (py) terms of the stator induced voltage are neglected in 
comparison to the (wy) or “generated’’ voltage terms, a fourth 
degree equation must be solved. 


6. If in addition to assumption 5 the field resistance is neglected, 
only a quadratic equation need be solved. 


Applications to 3-Phase Short Circuits 


As an example of the application of equations 31 the 
3-phase short circuit current of a turbine-generator from 
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Fig. 8. Short-circuit current of a turbine generator 


Phase-a switch closed at instant of maximum linkage; other 
conditions same as for figure 7 
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no load has been computed. In order to simplify the 
work the armature and field circuit resistances have been 
neglected. This should not affect the result very much 
within the first few cycles. 

For this condition the armature current equations may 
be reduced to: 


lat 


seasua + (p + ja) KA, 23 ak VelY (38a) 

D’ = conjugate of D (38b) 
where 

= (p? + w)[La(ug + v) + KA,2u] (ug + 2) (38c) 


D may be at once evaluated by formula 37 since the 6 
g-roots of A are evident by inspection. 

The current for a solid-rotor machine has been com- 
pared directly with that for a similar machine with lami- 
nated rotor in order to show clearly the effect of the solid 
iron. 


Case 1 


Figures 3 and 4 show the results for a turbine-generator 
of normal design. Figure 3 is for short circuit at the 
instant of zero flux linkage in phase a (y = 90°), while 
figure 4 is for short circuit at the instant of maximum 
flux linkage in phase a (y = 0). The principal constants 
of this machine are: 


Number of poles = 4 


Speed = 1,800 rpm 

aZ/2l1 = 1.91 = ratio of length to diameter 
2¢/l = 0.0425 = ratio of air gap to pole pitch 
Rotor \ = 57,200 (ohms per centimeter cube) ~} 


3) BuNe 
L = 0.05 per unit (corresponding to field leakage = 3 (7) 0.05 = 
0.09 per unit) 


1, = 0.18 per unit 
Rotor np = 100 


CASE 2 


Figures 5 and 6 show the effect of reducing the arma- 
ture leakage /, to half its previous value, or to 0.09 per 
unit, all other constants remaining unchanged. 


CASE 3 


Figures 7 and 8 show the effect of a higher permeability. 
For this case, 


1, = 0.09 per unit 
be 1,000 


ll 


The expressions for current in the 3 cases given are, 
with normal full-load current as the unit, 


Cased. 1, = 0.18, %-="100 


ig = (4.24 —1.75F,-+1.02F,) cos y—(3.58-+0.20e" erfc(30.812)) X 
cos (wt + y) + (—0.46 + 1.29F, + 0.12F;) cos (Qat + y) + 
(—0.844+1.02F,+1.75F,) sin y + 1.18e!4“erfc(10.74)3 


sin (wt + y) — (0.33 + 0.12F, — 1.29F,) sin (2et + y) (39a) 
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asec. t= 70.09, p = 100 


tq = (5.60 —3.51F,+4.09F,)cos y — (5.30-+0.25e'8tterfc(38.212)) X 
cos (wt + y) + (—0.05 + 2.80F, — 1.41F;) cos (2wt + y) + 
(—2.58+4.09F, + 3.51F,) sin y + 4.15eerfc(18.102) 
sin (wf + y) — (1.60 — 1.41F, — 2.80F,) sin (2wt + y) 


wose.3. 1, = 0.09, « = 1,000 


tq = (3.14 — 0.24F, + 2.43F;) cos y — 5.29 cos (wt + y) + 
(2.15 + 0.19F, — 1.53F;) cos (Qwt + y) + 
(—0.52 + 2.43F, + 0.24F,) sin y+0.95e??“erfc(57.4t*) 
sin(wt + y) — (0.42 — 1.53F, — 0.19Fs) sin (2wt + y) (39c) 


(39b) 


where F,, F, are the Fresnel integrals defined by the 
equations 


cot wt os , 

im (f Seopa F, -f{ sin x dx 
0 (2Qrx)* 0 (Qmrx)? 

The Fresnel integrals, rather than error functions as 
might be expected from formula 37, are present since 


with reasonable values of uw the significant g roots have 
very nearly equal real and imaginary components and 


(40) 


erf(ne*I"/4) = /2e*I"/4 [Fe(x2) = 7 Fe(x*)] 


This relation may be shown as follows: 
Let 


vy? = =5 jz 


then at 


y = xe*sn/4 


and 
Be 2 


x2 ers2qz 
/0 / 202 


= D) aaa (cos 2 j sin 2)dz = a/De*I"/4) F(x?) = jF,(x?)] 
0 \/ Se 

Tables of both the error function and the Fresnel integral 

are given in reference 7. 

The coefficients of the trigonometric functions in equa- 
tions 39 have been plotted in Figs. 9, 10, 11 so that they 
may be compared directly to the corresponding coeffi- 
cients for the laminated-rotor machine without the 
necessity of considering the instant of short circuit. 

For a laminated rotor (\ = 0) the short-circuit current 
equations reduce to 


: 9 xexi/4 
erfeeetie/4) = F- [ er Yay = e204 
mw JO 


Case 1 
tg = 2.23cos y — 3.59 cos (wt + y) + 1.36 cos (2at + y) (41a) 
CasE 2 
tq = 3.1lcos y — 5.28 cos (wt + y) + 2.17 cos (2wt + y) (41b) 
CASE 3 
ig = 3.08c0s y — 5.27 cos (wt + y) + 2.19 cos (Qt + y) (41c) 


These last equations are in the same form as that given 
by Doherty and Nickle in a previous paper.? 

Inspection of figures 9, 10, 11 shows the expected 
reduction in second-harmonic current; a slight reduction 
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Fig. 9. Coefficients of trigonometric functions in 

expression for short-circuit current of solid-rotor 

turbine generator, case 1 


Dashed lines are for machine with laminated rotor 


for the unsaturated case (u = 1,000) anda great reduction 
for » = 100, which corresponds roughly to a small degree 
of saturation. It is interesting to note that the “‘funda- 
mental’? component of current is practically unaffected 
by the rotor eddy currents and is a function principally 
of the assumed values of field and armature-leakage 
reactance. The constant values approached by the 
coefficients are indicated on the figures and are very 
closely realized after a few cycles. We observe that 
although the expressions for current are somewhat com- 
plicated the general effect of the rotor eddy currents is 
simply to produce a more nearly sinusoidal wave shape 
of current and an effective phase shift. This phase shift 
is indicated by the presence of sine terms in the current 
equations 39 in addition to the cosine terms of the lami- 
nated rotor case (equations 41). Therefore according to 
equations 39 there is no switching angle which will com- 
pletely eliminate the d-c component and result in a per- 
fectly symmetric current. 

The results further show that in the laminated-rotor 
machine the current is not affected appreciably by changes 
in rotor permeability in the range u > 100, while even 
for «4 = 10 the change is not great. For example, for 


L-= 0.18, 

w= 0,17 = 2.18 cos y — 3.55 cos (wi + y) + 1.37 cos (Qwt + +) 
(42a) 

uw = 10,27 = 2.46 cos y — 3.64 cos (wt + vy) + 1.18 cos (2Qwt + v) 
(42b) 

for 1, = 0.09, 

w= 0,4 = 8.07 cos y — 5.26 cos (wt + y) + 2.19 cos (2wt + y) 


(43a) 


w = 10,7 = 3.42 cos y — 5.40 cos (wt + vy) + 1.98 cos (Qwt + y) 
(43b) 


These currents indicate a 2.5 per cent decrease in transient 
reactance and a 38 per cent decrease (these changes are in 
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per cent of the unsaturated values; that is, x,’ (sat.)/xq’ 
(unsat.) = 0.975; x, (sat.)/xq (unsat.) = 0.62) in syn- 
chronous reactance when compared with the formula of 
reference 2. Saturation in the main flux path thus has 
little effect on short-circuit current. This justifies the 
assumption of infinite stator permeability and shows that 
in order to account for increased short-circuit current we 
must include the effect of saturation and eddy currents in 
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Fig. 10. Coefficients of trigonometric functions in 
expression for short-circuit current of solid-rotor 
turbine generator, case 2 


Dashed lines are for machine with laminated rotor 


the leakage paths. The magnitude of the short-circuit 
current shown by tests cannot be ascribed wholly to a 
“subtransient’’ reactance; it must be accounted for in 
part by a decrease in transient reactance (or field and 
armature leakage reactance) due to saturation. 

The subtransient effect has been calculated from figures 
9, 10, and 11 by comparing the magnitudes of the oscilla- 
tory component of current extrapolated to zero time with 
those after the iron transient has died out. The sub- 
transient reactance computed on this basis is about 85 or 
90 per cent of the transient reactance for 1 = 100 and 
about 97 per cent for » = 1,000. This indicates the im- 
portance of taking account of saturation and eddy cur- 
rents in the leakage paths. In the present work field 
and armature leakage reactances have been assumed as 
constant quantities unaffected by the eddy currents, but 
the effect of eddy currents on the leakage reactances will 
be shown later. 
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Field Current Build-Up 


As a second application of the general equations de- 
veloped in this paper, the field current on sudden appli- 
cation of field voltage (with open-circuited armature) has 
been determined. The operational expression for field 
current is: 


yes Qe, 


QOR+p (oz + es cosh os) fet 


a 


Taking » = 100 and solving equation 44, we obtain, for a 
solid rotor, 


I, = 1 + 0.0054 e4”®© erfe (21.814) — 
0.507 [e6— 0.214 +30.0531) —Jj0.130 erfc (0.452 ef 1-444 ) fi. 


e( — 0.214 —j0.053?) +50.130 ¢y¢¢ (0.452 e144 45 )] (45a) 


and for a laminated rotor, 

Te ere gore (45b) 
Figure 12 shows the computed currents for both a lami- 
nated and solid rotor. The curve for the solid rotor case 
may be approximately represented by an equation of the 


form 
I, = 1 — 0.89e—#/4-25 — 0.11 e—#/0.39 (45¢) 


showing that a representation of the solid rotor by an 
equivalent short-circuited winding is in this case satis- 
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Fig. 11. Coefficients of trigonometric functions in 
expression for short-circuit current of solid-rotor 
turbine generator, case 3 


Dashed lines are for machine with laminated rotor 


ELECTRICAL ENGINEERING © 


factory. If the curve of figure 12 is regarded as a single 
exponential function, the time constant (determined as 
the time required to reach (1 — e7') of its final value) is 
11 per cent less than that for a laminated rotor. 

The transient problem of a stationary magnetic circuit 
linked with a single coil has been presented in a somewhat 
more simplified form by at least 2 previous writers.*4 
Here we have taken account of the actual flux distribu- 
tion in the iron and gap and of the distribution of the 
field winding, but since the whole effect of rotor eddy 
currents is seen from figure 12 to be rather small (at least 
for « > 100), the results in the case of field build-up show 
no great discrepancies from their work. 


Flux Decay 


A third application of the theory has been to the deter- 
mination of the rate at which the flux changes following 
a sudden change in stator current. In the example given 
here we consider the field to be open-circuited and com- 
pute the flux decay following opening of the stator circuit. 
This will correspond to the decay of the quadrature axis 
component of flux. 

From equation 49 it follows that for sudden changes in 
stator current there is the operational expression: 


cosh ag + gq sinh ag 


y is proportional to (46) 


q cosh ag + sinh ag 


Here we are not concerned with the absolute magnitude 
but only with the shape of the flux-time curve. For a 


PER UNIT FIELD CURRENT 


TIME = SECONDS 


Fig. 12. Field current of a turbine generator with 
solid rotor, upon sudden application of field voltage 


A—With solid rotor B—W/ith laminated rotor 


machine for which 2g/1 = 0.051 and /, = 0, we obtain 
the equations of flux decay (per unit initial value): 


or w = 1,000, 
b = 0.985 ec?! erfc (4.6712) — 0.007 erfe (0.0322 ) (47a) 
er = 100, 

= 1.048 e? !* erfc (1.48t+) — 0.071 erfe (0.102) (47b) 


Note that the flux drops immediately to 98 per cent of its 
nitial value, the drop representing that portion of the 
juadratuce axis flux which did not link the rotor but was 
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Flux decay in a turbine generator, upon 
sudden removal of armature current 


A—Quadrature-axis flux 
B—Exponential through value 1/e 


only in the air gap. Although the expressions appear 
rather complicated it becomes evident by inspection that, 
with less than about 5 per cent error, a very simple relation 
exists between the flux at any time and the assumed 
permeability. That is, we may assume the flux to be a 
function of the product of permeability and time (see 
figure 13), so that the time constant is inversely propor- 
tional to the permeability. 


Steady State Impedances 


In order to show the relation between the design factors 
used in the present theory and the circuit constants of 
ideal synchronous machine theory,' we shall find the 
expression for synchronous impedance. From either 
equation 30) with » = 0 and J, = 0, or equation 31) with 
bp = Oande, = 0, 


, 3KB,? fcosh ag + uw! sinh ag 
= fs + jo} ls + z : 
2a w+ cosh ag + sinh ag 


Thus 


3KB,2 /1 + uw tanh ag\ | 
Synchronous Reactance = w]| ls; + 
2a w+ + tanh ag 


Similarly, from equations 53 the field self-inductance® 
may be recognized as 


KA}? 


L+ (wu! + tanh ag)—! 


Conclusions 


In order to account completely for the observed phe- 
nomena of turbine-alternator transient performance and 
to compute correctly the behavior under specified ter- 
minal conditions it may be necessary to include the effects 
of the slots, of harmonics, of saturation, of hysteresis, of 
eddy currents, of the rotor surface curvature and of their 
influence not only on the main flux path but also on the 
leakage flux paths. For this reason the present paper 
should be regarded as presenting merely a first step in the 
complete solution of the general problem. Also, the 
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final equations of this paper have been established only 
for the symmetric 3-phase case. This was done because 
the 3-phase case is susceptible to simple solution by the 
operational method. However, many problems in addi- 
tion to those used as examples can be solved by the meth- 
ods of this paper despite this limitation. For example: 


1. Short circuit from any symmetric load condition 


2. Sudden (or any) change in field excitation with any symmetric 
armature load 


3. Calculation of flux change, in addition to current and voltage 
change, for any of the other cases solved 


Sudden change of load impedance (switching) 
Prescribed change of terminal voltage. 
Transient torque and forces for any of the conditions listed above 


4 

é 

6 

7. Negative-sequence reactance 

8. Current for continuous load pulsation 
9 


Speed-torque relation for a solid rotor machine running as an 
induction motor 


10. Eddy current losses 


From the results of the calculations the following specific 
conclusions may be drawn: 


1. Saturation in the main flux path does not affect appreciably the 
magnitude of the short-circuit current. 


2. Eddy currents in the main body of the solid rotor may account 
for a 10 to 15 per cent reduction in subtransient reactance below 
transient reactance. 


3. The larger difference between transient and subtransient re- 
actance shown by tests must be due to (a) retaining ring saturation 
and eddy currents; (b) tooth tip saturation (and eddy currents in 
case of the rotor teeth). 


4, Eddy currents in the solid rotor may account for about a 10 
per cent decrease in the apparent field open circuit time constant. 


5. The effective time constant of the quadrature axis flux varies 
inversely as the rotor permeability (at least in the range of per- 
meability greater than 100) 


Appendix |—Symbols and Nomenclature 


H = magnetic intensity vector 

1 = current-density vector 

E = electric-intensity (voltage-gradient) vector 
B = magnetic flux-density vector 

t = time 

r = specific conductivity 

B = permeability 


Sp =? Cerio ian 
Ot ot 


x, %1, y, 2 are co-ordinate directions as shown in figure 1; x and x; 


tangential, y radial, and z axial; x, y, z are fixed in the 
rotor while x; is fixed in the stator 


yp = vector magnetic potential 

ww’ = angular velocity of rotor (see figure 1) 

r = radius of rotor 

if = coil currents; J, rotor coil current; J,, Jy, ... stator coil 
currents; J; resultant of all stator ampere-turns 

l = length along rotor surface of 27 electrical radians or twice 
pole pitch 

a df} 

An, By are coefficients of Fourier series for the ampere turn distribu- 
tions : 

R = rotor-coil resistance 
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1G, = rotor coil leakage inductance 


vs = stator coil resistance 
Me = stator coil leakage inductance in the direct (or quadrature) 
axis 
lo = zero phase sequence stator coil leakage inductance 
é = applied voltage; eg = voltage applied to coil a; e, = 
voltage applied to rotor coil, etc. 
k = number of pairs of poles 
® = electrical angular velocity = R w’ 
Y = angle by which the rotor ‘‘leads’’ the stator 
C, C’,é) = coefficients of complex components of stator terminal 
voltage 
D, D’, % = coefficients of complex components of stator current 
g = air-gap length 
Ms = machine axial length 
K = 927 0m? ZUR 
2 ]1 
q Su E + @ p 
ua B 
Q = q cosh ag + sinh ag 
3KB? . 
u = 1], cosh ag + sinh ag 
2a 
; 3KB? 
v = /], sinh ag + cosh ag 
2a 
2V = magnitude of open-circuit armature phase voltage 
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The solutions of the field equations 17 and 18, subject to the 
boundary conditions expressed by equations 19 and 20, and con- 
sidering only the fundamental components, yield: 

At the rotor surface, y = 0, 


—4710~° e?! 
Va x 


| WBE pear tanh | a cosh ag 


ma 


3 : ; 
BE cos axcoshag + a B,(Dei(¢*-%) sarc] (48) 


At the stator surface, y = g, 


—4 7 1079 
Nz See eS x 


[See pal ee ‘antag | a cosh ag 


wa 


3 2 2 
{te cos (ax; + wt + y) ees | cos ag + Ve p tation or] < 
ma 
[Des@x tot) 4. pte—i(amtut) ] (49) 


From equation 48 the electric intensity at the rotor surface is 
simply 
re) 
E,(x) = cS y= py (50) 


while, from equations 49 and 23, at the stator surface 


re) = —9 ppt 
Ee) = — ¥)-= a ee lO e . 
a V Bp +a? 
———— +tanhag |@coshag 
ua 
cls «Ved (axi-bot-+ matt! 
9 (pt joleF Gr tolty) + (p —jw)eFamtotty)) 4 


3 
| cosh ag + V 8p +a sinh | 4 
ua 


EK a jw)e tan +o) oe D'(p riggs (51) 
(Concluded on page 179) 
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Electrical Characteristics 


of Suspension-Insulator Units 


By C. L. DAWES 


FELLOW AIEE 


LT HOUGH for a 
number of years the 
flashover and punc- 

ture characteristics of sus- 
pension-insulator units have 
been investigated exten- 
sively, very little study has 
been made of their power- 
loss, power-factor, and ca- 
pacitance characteristics. 
The only published work of 
any importance is that of 
Draeger.! The extent and 
value of his measurements 
were limited, however, by 
the bridge facilities avail- 
able to him at the time 
(1925). Moreover, he did 
not take into consideration 
the effect of humidity on the characteristics, which 
has been found by the authors to be the factor which, 
with corona, has the greatest effect on the electrical 
characteristics of the insulators. Furthermore, the 
authors have been able to carry the investigation 
much further than Draeger and to relate “‘corona 
hysteresis’ to the combined effects of humidity, co- 
rona, and a microscopic surface deposit produced by 
corona. 

The insulators tested were 10-inch porcelain disk- 
type suspension insulators supplied by the Locke 
Insulator Corporation, and a Pyrex 776, 10-inch glass 
disk-type suspension insulator supplied by the Corn- 
ing Glass Works. 


Summary 


1. The electric and dielectric circuits of a suspension-disk insulator 
consist of the porcelain and cement between cap and pin which is 
practically invariable, and the capacitance between the surfaces of 
the shell in series combinations with the surface resistance. This 
circuit is highly variable due to changes in surface resistance. 


2. The surface resistance is a function of adsorbed moisture and 
decreases with increase in absolute humidity and increases with 
decrease in absolute humidity. The surface resistance also de- 
creases with corona formation. 


3. At any fixed voltage the electrical characteristics of the insulator 
vary with time. This is due to the change in surface resistance 
caused by Joule heating and to ‘‘island formation.” The resistance 
may increase with time or it may decrease, depending on the part 
of the test cycle at which it is operating. 


4. The electric and dielectric characteristics of the insulator are 
functions of the absolute humidity or of the absolute amount of 
moisture in the atmosphere. 


5. Corona forms at lower voltage with increasing values of absolute 
humidity. 


6. The power factor is practically a linear function of the absolute 
humidity. 


JANUARY 1937 


Effects of humidity, corona, and mechanical 
stress on the electrical characteristics of 
porcelain and glass suspension-insulator 
units are shown in this paper. 
alone and combined with corona, is found 
to produce surface deposits which cause 
hysteresis effects in the power, power 
factor, and capacitive characteristics, and 
mechanical stress is found to reduce the 
power, power factor, and capacitance. 
The effect of stress is reduced where soft 
metal is used in place of cement in as- 
sembling the unit. 


REUBEN REITER 


ASSOCIATE AIEE 


7. Corona reacting with oxygen, 
nitrogen, and moisture of the at- 
mosphere forms acidic compounds 
which deposit on the insulator sur- 
face, causing change in the surface 


Moisture, resistance. 


8. The combined action of the 
corona, acidic compounds, and the 
sputtering of the metal of the cap 
and pin form semipermanent con- 
ducting microscopic “island” de- 
posits which cause a decrease in 
surface resistance. Such island de- 
posits can be removed only by 
vigorous rubbing. 


9. The moisture film on the in- 
sulator surface together with the 
island deposits causes a hysteresis 
effect in the electrical character- 
istics of the insulator. 


10. The changes in surface re- 

sistance also vary the amount of 
shell capacitance connected between cap and pin. Hence the total 
insulator capacitance increases with decrease in surface resistance 
and vice versa. 


11. The electric and dielectric characteristics of the insulator are 
not greatly affected directly by temperature, but are affected indi- 
rectly in that absolute humidity of air is a function of temperature. 


12. Mechanical stress for the most part causes a decrease in the 
power factor and capacitance due to the compression of the cement- 
ing material. After such material has a permanent “‘set’”’ further 
change is slight and with glass insulators the characteristics remain 
independent of further stress. 


Method of Measurement 


The electrical characteristics were measured by 
means of the mutual-inductance type of high-voltage 
bridge developed and used in the high-voltage labora- 
tories at Harvard University. The simplified dia- 
gram of connections of the bridge and the test insu- 
lator is shown in figure 1. 

In order to facilitate the connection of the high- 
voltage lead and the low-voltage shielding, the insu- 
lator was tested in an inverted position. No differ- 
ences in effects between this position and the upright 
one were noted. 

The details of the bridge connections have alread 
been published.? The shielding S; surrounding the 
low-voltage lead ab to the specimen is balanced to the 
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same potential as the lead ab so that capacitive 
effects between them are eliminated. The bridge is 
provided with an amplifier to give it the necessary 
sensitivity, and filters to eliminate harmonics from 
the circuit.’ 


Equivalent Circuits of Disk Insulators 


In figure 2a is shown the cross section of a typical 
insulator unit and the approximate electrical circuits. 
There is a capacitance C of approximately 30 micro- 
microfarads between the cap and the pin. The di- 
electric is the porcelain, and the cement used to fasten 
the cap and pin in place. Such dielectrics obviously 
involve dielectric loss so that in the equivalent cir- 
cuits of figures 4b and 4c, the capacitance C is shown 
shunted by a resistance R to simulate this loss. The 
dielectric characteristics of the porcelain and the 
cement remain practically constant under all condi- 
tions, although a slight increase in power factor with 
increase in voltage may be attributed to the ioniza- 
tion of occluded gases. The values of C and R may 
be changed slightly by mechanical stress. 

The glazed porcelain shell may be considered as 
consisting of a number of capacitances C’ between 
the upper and lower surfaces. If the surface resist- 
ance were infinite, the capacitances C’ would have 
very little effect on the total insulator characteristics. 
These capacitances are, however, connected in the 
insulator circuit by the surface resistance R’ which 
is caused by moisture and other conducting deposits 
on the surface, as well as by corona which is also con- 
ducting. As will be shown later, the surface resist- 
ance R’ depends on the humidity and the voltage, 
and it has a very large effect on the insulator charac- 
teristics. Hence the effects of the shell capacitance 
depend on the surface resistance and they will vary 
with changes in the surface resistance. 


TO 


Fig. 1. Schematic diagram of SHACKLE 


arrangement for testing insulators 


TO PIVOT | 
ON LEVER 
BEAM 


A—Voltmeter coil 
B—Step-up transformer sec- 


H—Insulators, | mechanical 
strength, 25,000 pounds 


ondary J—Test specimen, mechanical 
C\—Avir capacitor strength 18,000 pounds 
D—Detector M—Miutual inductance 


Ri, Ro—Series resistors 
$1, S2—Shielding 
V—Voltmeter 


E—High-voltage lead, one 
inch in diameter 


G—Ground 
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The equivalent circuit of the insulator shown in 
figure 2a is shown directly in 6. The cap and pin 
capacitance C is shunted by a resistance R to simu- 
late the dielectric losses. The capacitances C’ and 
the surface resistance R’ combine to form equivalent 


A—Insulator cap 


B—Corona 
C—Main — capaci- 
tance, 30° micro- 
microfarads 
R’—Surface _ resist- 


ance 
D—Insulator pin 

Cy, Ri—Equivalent 
parallel circuit of 
insulator shell 


es (b) R’ 


Fig. 2. (a) Insulator with surface re- 
sistance, capacitance, and corona; (b) 
equivalent circuit of insulator with surface 
resistance; (c) total equivalent circuit of (c) 
insulator 


Cc; (S 


T-circuits and this combination is connected in paral- 
lel with C and R to give the equivalent circuit of 
the entire insulator. The entire diagram of figure 
2b may be simplified to that of c in which the over-all 
effect of the capacitances C’ and the surface resist- 
ance R’ for any one set of conditions are replaced by 
the capacitance C, and the resistance R;. The varia- 
tion of the surface resistance R’ with humidity, 
corona, and elapsed time of test for the most part 
accounts for the changes in the characteristics of the 
insulator. 


Time Lag 


In making the measurements of power, power fac- 
tor, and capacitance, it was found that very much 
higher values for these factors were obtained with 
decreasing values of voltage than with increasing 
values, thus giving a hysteresis effect. This effect is 
illustrated in figure 3 as well as in figures 4, 5, 6, and 
7. It was also found that the hysteresis effect in- 
creased with absolute humidity, as is shown in 
figure 5. 

Moreover, in making the measurements, it was 
found that the values of power, power factor, and 
capacitance for any definite voltage were not fixed, 
but varied with time. At low humidity and with in- 
creasing values of voltage, these factors increased 
with time. At high humidity and with increasing 
values of voltage, at low voltage, they decreased 
with time, but after corona formed they increased 
with time due to the surface deposits to be described 
later. These effects are illustrated in figures 3 and 4. 
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In figure 3 the increases in power, power factor, and 
capacitance for an interval of 10 minutes at 35 kv 
are shown. Also, the same effects are shown for a 
-2-hour interval at 50 kv, but the increases are much 
greater. 
Careful study of this phenomenon showed that the 
values of power, power factor, and capacitance varied 
- almost as does a direct current in an inductive circuit 
with resistance in series when a continuous voltage is 
suddenly switched across it, or when such a circuit is 
short-circuited. The change is at first rapid but the 
rate of change diminishes with time. It seemed that 
theoretically steady conditions would be reached only 
after infinite time. To reach the steady condition for 
each bridge balance would therefore require a pro- 
hibitively long time. Moreover, in order to interpret 
the phenomena, it is not necessary that the exact 
values corresponding to the ultimate steady state be 
obtained. Hence, in making the measurement it was 
decided to choose such values of time as would give 
from 85 to 90 per cent of the difference between the 
ultimate and initial readings. 

The relationships among the characteristics ob- 
tained at the different values of time are shown in 
figure 4, A and B giving those for increasing values of 
voltage, and C and D giving those for decreasing 
values of voltage. In all the figures the character- 
istics aa’ give the values of power factor which would 
be obtained if the measurement were made instan- 
taneously. The characteristics bb’ give the values of 
power factor which would be obtained if the measure- 
ment were made at infinite time. The characteristics 
cc’ are those actually obtained and they lie at ap- 
proximately 85 to 90 per cent of the distance from 
aa’ to bb’. As will be shown later, these time-lag 
effects are due to the humidity of the atmosphere 
and to the accumulation of a deposit on the insulator 
surface. 

It was found that the value of the time necessary 
to obtain curves cc’ was not constant but varied with 
the voltage, the humidity, and the amount of corona 
formation. In a large measure, the time was de- 
termined by experience combined with watching the 
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rate at which the bridge balance changed. The ap- 
proximate values of time are as follows: 


Elapsed Time Before 
Taking Reading, Minutes 


Kilovolts Across 
Insulator 
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Electrical Characteristics 
and Absolute Humidity 


Early in the research it was found that the electri- | 
cal characteristics of the insulators were, in a large 
measure, functions of the humidity. First it was at- 
tempted to relate the characteristics to the relative 
humidity, but there seemed to be no remote relation- 
ship, even, between them. Further investigations 
showed that the characteristics were closely related 
to both specific humidity and to absolute humidity. 
(Specific humidity is the actual amount of moisture 
per unit weight of dry air.) In this paper absolute 
humidity in grains of moisture per cubic foot of air 
is used (7,000 grains of moisture equal one pound). 

In the authors’ experimental work there were little 
means for controlling the humidity so that usually it 
was necessary to await natural changes in the labora- 
tory. Asarule, high values of humidity occurred in 
summer and low values on cold winter days. 

In figure 5 are shown the power-factor characteris- 
tics for a porcelain insulator with increasing and de- 
creasing values of voltage for 3 different values of 
absolute humidity, s = 2.6, s = 4.48, ands = 7.56. 

The very low value (2.6) was obtained on a cold, 
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Fig. 4. Effect of time lag on insulator characteristics 


A—Hisgh humidity, increasing voltage 
B—Low humidity, increasing voltage 

C—High humidity, decreasing voltage 
D—Low humidity, decreasing voltage 
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dry winter day; the intermediate value (4.48) was 
obtained on a cool, autumn day, and the high value 
(7.56) was obtained during a hot, muggy day i in July. 
Similarly, in figure 6 are shown the capacitance char- 
acteristics for the same insulator at these same 3 
values of absolute humidity. In figure 7 is shown the 
power-factor characteristic of a glass insulator ob- 
tained at an absolute humidity of 4.7. It may be 
noted that with all the characteristics of figures 5, 6, 
and 7, the values for decreasing voltage are greater 
than for increasing voltage. 

It will also be noted in figure 5 that with the low 
value of absolute humidity, s = 2.6, the power factor 
increases continuously with increase in voltage and 
decreases continuously with decrease in voltage. 
With the intermediate value of absolute humidity, 
s = 4.48, the power factor remains constant until 35 
kv and then increases. This increase in power factor 
is caused by the corona which forms at approximately 
35 kv. With the high value of absolute humidity, 

= 7.56, the power factor first decreases rapidly with 
increase in voltage, reaches a minimum at approxi- 
mately 25 kv, and then increases due to corona forma- 
tion. The characteristic for descending values of 
voltage is similar, except that it lies above the first 
characteristic. 

These characteristics are typical. With low values 
of absolute humidity, the power factor always in- 
creases with voltage, rising more rapidly after corona 
formation. With larger values of absolute hu- 
midity, the power factor at first decreases with in- 
crease in voltage until corona forms, when it in- 
creases. It is also found that with large values 
of absolute humidity the difference between the 
ascending and the descending characteristic increases 
(see figure 5). Corona forms at lower values of volt- 
age with increasing values of absolute humidity. For 
example, in figure 5 corona formation begins at 34 kv 
when s = 4.48, and at 26 kv when s = 7.56 (also see 
figure 12). 


“Tsland’’ Deposits on Surface 


It is well known that corona activates the air and 
causes the oxygen, nitrogen, and water vapor to com- 
bine and form weak nitric acid. This acid deposits 
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on the insulator surface near the cap and pin to form 
initially conducting spots or smallislands. The volt- 
age gradient over the surface causes arcs to snap 
from island to island, vaporizing the deposits and 
scattering them over a wider area. At high voltages 
these arcs become longer and brighter and more ex- 
plosive scattering of the vapors occurs. In the 
authors’ opinion it is these arcs which in large meas- 
ure cause radio interference. 

These acidic islands are more or less conducting 
and it isin part due to their formation that the power 
factors, etc., increase with time. 

Several factors led to the belief that, in addition to 
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the acidic spots, a more or less permanent deposit 
must form on the insulator surface, but it was some 
time before this fact could be substantiated. After 
the voltage had initially been increased to its maxi- 
mum value and then lowered, the power, power factor, 
and capacitance were greater than with increasing 
values of voltage, as is shown by the descending voltage 
characteristics, figures 5, 6, and 7. In subsequent 
tests these quantities always remained above their 
initial values, and, in fact, they increased continu- 
ously with continued application of voltage, par- 
ticularly if the absolute humidity were large. How- 
ever, if the surface were cleaned, vigorous wiping 
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Fig. 7. Power- 
factor characteris- 
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absolute humidity 
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being necessary, the characteristics returned to the 
initial values. 

Carefully polished surfaces of metals were then 
subjected to a corona discharge with moisture pres- 
ent and island formations could be readily seen under 
the microscope. (One of the authors has found that 
corona makes a very effective etching agent in micro- 


Fig. 8. Microphotograph of deposit near pin on 
porcelain insulator caused by corona and moisture 


Magnification 120 diameters 


photography.) Later, by means of a dark-field type 
of microscope, it became possible to detect the island 
deposits on porcelain, and a microphotograph taken 
near the pin is shown in figure 8. The examination 
of the surface is made difficult by the fact that micro- 
scopes are not adapted to bring to the objective the 
portions of the porcelain surface near the cap and 
pin, and thecurved surfaces make microphotog- 
caphy very difficult. Hence, it is necessary to break 
the porcelain without disturbing the deposits, and to 
select suitable pieces for examination. It is the 
island deposits such as are shown in figure 8 that 
cause the permanent changes in the insulator char- 
acteristics to which reference has already been made. 

The authors have made several attempts to learn 
more about the nature of the deposit. It can be 
‘emoved by wiping the surface vigorously and, as has 
already been stated, the characteristics of the insu- 
ator return to their initial values. The deposit is a 
very thin film consisting of microscopic islands, some 
of which are crystalline in form. The film is so thin 
und so difficult to remove that, so far, a chemical 
unalysis has not been possible. The authors believe, 
1owever, that it consists of the nitric-acid deposit 
ulready discussed in combination with the metal of 
he cap or pin which has been deposited by the sput- 
ering effect of the corona. This is substantiated by 
ome experiments made on pieces of porcelain placed 
within a corona field, with moisture present. If a 
sheet of glass was interposed between the high- 
roltage electrode and the porcelain, no deposit 
veccurred. If, however, moist air is interposed be- 
ween the high-voltage metal electrode and the sur- 
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Fig. 9. Microphotograph of deposit on glazed 
porcelain formed artificially by simulating natural 
conditions in the presence of corona and moisture 


Magnification 300 diameters 


face of the porcelain, a deposit almost identical with 
that shown in figure 8 results. A microphotograph 
of this deposit is shown in figure 9. This seems to 
show that the deposit involves the metal of the elec- 
trodes. Further study of these deposits, with chemi- 
cal, X-ray, and microscopic aid, is now in progress. 


Hysteresis in Power Factor Curves 


With the preceding discussions of humidity, 
corona, and the surface deposits on the insulator sur- 
face, it now becomes possible to analyze the corona 
hysteresis characteristics. 

Consider, for example, the characteristic for s = 
7.56 in figure 5. With increasing values of voltage 
the power factor decreases. Due to the humidity an 
adsorbed film of moisture has accumulated on the 
surface of the insulator, accounting for the resistance 
R’ in figures 2a and 2b. At the lower values of volt- 
age, if the voltage is brought to any particular value 
and held constant, the power factor will diminish, 
that is, the characteristic tends to go from aa’ to bb’ 
in figure 44. This is due to the joulean heating effect 
([?R’) on the insulator surface which vaporizes some 
of the moisture and hence increases R’ (figure 2, a 
and b). This will continue until a steady state is 
reached, that is, until a balance is reached between 
the moisture removed by heat and that which is 
steadily being deposited from the humid atmosphere. 
With increasing voltage, the surface heating effect 
is increased, and more moisture is driven from the 
insulator surface. This increases the value of R’ 
(figure 2b) and the power factor again diminishes 
with time. This effect continues until corona forms. 

Corona itself is an energy loss and will accordingly 
of itself increase the power factor. Moreover, it is 
conducting in character and causes the surface re- 
sistance R’ to decrease (figure 2, a and 0). Uptoa 
certain point a decrease in R’ increases the power fac- 
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Fig. 10 (left). 
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tor. Corona thus accounts for the increase in power 
factor which occurs at the higher values of voltage. 
With low values of absolute humidity, the ad- 
sorbed surface moisture is so small that it has very 
little and at times negligible effect on the power and 
power factor. As the voltage is raised with very low 
absolute humidities, a slight increase in power factor 
occurs as is shown by the characteristic, s = 2.6, in 
figure 5. This undoubtedly is due to corona forma- 
tion occurring in the pores of the porcelain and 
cement and in any small voids that may exist be- 
tween cap and pin. With a higher value of absolute 
humidity, s = 4.48 (figure 5), the value of power fac- 
tor remains substantially constant until corona 
forms. This undoubtedly occurs because the effects 
of humidity, which cause a decrease in power factor, 
are being balanced with the corona formation in the 
voids, which causes an increase in power factor. 
With decreasing voltage the power-factor charac- 
teristics lie above those for increasing voltage as has 
already been stated. This is due primarily to the 
conducting surface deposits resulting from the com- 
bined action of corona and moisture. As the voltage 
decreases, the corona formation itself decreases and 
the resulting power factor decreases. A point will, 
however, be reached when corona ceases and the 
characteristic will reach a minimum (see character- 
istic s = 7.56, figure 5). With further decrease in 
voltage, and hence in surface heating, moisture will 
again deposit on the insulator surface and the power 
factor will now increase. As the voltage becomes 
less, less heat is evolved on the insulator surface, 
more moisture deposits, and the power factor con- 
tinues to increase with diminishing values of voltage. 
With low values of humidity the effect of surface 
loss is negligible so that the rise in power factor with 
diminishing voltage does not occur as is shown by the 
characteristics for s = 4.48 and s = 2.6 in figure 5 


Capacitance Characteristics 


A study of a and 0 in figure 2 shows that the total 
capacitance of the insulator consists of the sum of 
the capacitance C of the head of the insulator and the 
capacitances C’ between the conducting surfaces of 
the shell. The effectiveness of the capacitances C’, 
however, depends on the value of the surface resist- 
ance R’. With R’ infinite, the capacitances C’ have 
negligible effect on the total capacitance of the insu- 
lator. The effect of C’ increases as R’ diminishes and 
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Capacitance of porce- 
lain insulator as a function of voltage 
at different absolute humidities; inter- 
polated data from increasing voltage 


Numbers on curves ere absolute humidities in 
grains of moisture per cubic foot 


Power factor of por- 

celain insulator as a linear function of 

absolute humidity at constant voltage; 
data from increasing voltage 


Numbers on curves are potentials in kilovolts 
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the maximum effect of C’ occurs when R’ is zero. 
Hence the value of the total capacitance C of the in- 
sulator depends on the conductance of the film of 
surface moisture. 

With low values of absolute humidity, the capaci- 
tance changes little with voltage. There is a steady 


rise in capacitance with voltage, as is shown by the © 


2 characteristics at s = 2.6 and s = 4.48 in figure 6. 
This rise is undoubtedly due to corona formation in 
the voids in the porcelain and cement between cap 
and pin. There is but slight rise in capacitance after 
corona formation at the edges of the cap and the pin. 
This is because the 
corona probably 
does not extend suf- 
ficiently far out from 
the cap and the pin 
to include much of 
the capacitance C’ 
of the shell. 

The effect of ‘the 
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ishes with increasing voltage due to the increasing 
surface resistance R’. When corona forms the ca- 
pacitance increases slightly due to reduction in sur- 
face resistance by corona and island deposits. With 
diminishing voltage the capacitance increases due to 
the combined effect of returning adsorbed surface 
moisture and the permanent island deposits. Hence 
the total capacitance of a disk insulator is a function 
of the deposit and the adsorbed moisture on the sur- 
face, and of the corona. 

In figure 10 is shown a complete family of capaci- 
tance-kilovolt characteristics with increasing values 
of voltage for 5 different values of absolute humidity. 
These characteristics further illustrate the analysis of 
the relationship of capacitance to absolute humidity. 
That is, at low values of absolute humidity, the 
changes in capacitance are small; at large values, 
they are considerable. 


Power Factor and Absolute Humidity 


It is found that if the values of power factor for 
constant voltage be plotted as functions of absolute 
humidity, the best representative characteristics are 
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linear. Three such characteristics for 10, 30, and 
46.7 kv are shown in figure 11. For the sake of clear- 
ness, similar characteristics for other values of volt- 
age are omitted. 

If the data for the characteristics of power factor 
versus absolute humidity such as are given in figure 
11 are replotted, with power factors as functions of 
<ilovolts at constant values of absolute humidity, 
sharacteristics similar to those of figure 12 are ob- 
ained. These characteristics are similar to those of 
igures 3 and 5 except that they include more values 
yf absolute humidity. A study of these curves shows 
hat with increasing voltage the rise due to corona 
ormation at the edges of cap and pin begins at 
ower values of voltage with increasing values of ab- 
olute humidity. With decreasing voltage the re- 
verse is true. 

In the foregoing relationships, the effect of tem- 
erature has not been mentioned. The authors’ 
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studies showed no explicit relationship of any of the 
characteristics to temperature over the annual range 
of atmospheric temperature variation. Over extreme 
ranges of temperature Draeger! shows a relationship. 
However, it must be remembered that absolute 
humidity is a function of the temperature. Hence 
indirectly, temperature does affect the electrical 
characteristics of suspension disks. 


Electrical-Mechanical Characteristics! 


In order to study the effects of mechanical stress 
on the electrical characteristics, the suspension disk 
was so mounted that mechanical stress could be ap- 
plied and measured simultaneously with the high- 
voltage electrical measurements. It was anticipated 
that any dislocation of the cap or pin by mechanical 
stress would affect the electrical characteristics of the 
insulator. The stress was applied by means of a 
large automobile jack acting through a lever with a 
5 to l ratio. With this arrangement, stresses as high 
as 40,000 pounds could be applied. 

The stress was measured by means of an exten- 
someter. Asteelrod 1!/,inches in diameter for 10-inch 
length was connected in series with the insulator. It 
was necessary to choose a diameter which would give 
an elongation sufficiently great for measurement and 
yet permit the steel to retain perfect elasticity and 
not be stressed beyond the yield point.* The ends of 
the rod were reduced to */, inch diameter to adapt 
them to the special fittings. The elongation of only 
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3 inches of the rod at the center was measured. The 
extra length of 10 inches is necessary in order to insure 
stress equalization over the cross sections near the 
Cetieras uc elongation was measured by means of 
a combination of mirrors, knife edges, and telescopes. 
The elongation of the rod was magnified 10° times. 
The effects of mechanical stress on power, power 
factor, and capacitance for the glass insulator are 
shown in figure 13. For an applied potential of 30 
kv until a stress of 12,000 pounds is reached, little or 
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no effect on the characteristics occurs. Then all 3 
quantities show a small decrease. (The quantities in 
figure 13 are plotted to a large scale.) The change in 
the power and the power factor is approximately 4 or 
5 per cent and the change in the capacitance is ex- 
tremely small. The stress is then carried to 25,000 
pounds. All these quantities remain constant up to 
this value of stress. They also remain constant as 
the stress is carried back to zero. 

Similarly, in figure 14 are shown the effects of 
stress on the porcelain insulator. The characteristics 
are obtained at 30 kv and at the 2 frequencies, 26 
and 60 cycles. The stress at 60 cycles was not car- 
ried back to zero because of the insulator’s failure. 
It may be noted that although the effects of stress 
are in general similar to those for glass, yet the char- 
acteristics are not so simple. They tend to have a 
steady drop before the critical stress of 8,500 pounds 
is reached, when they drop rapidly. Moreover, after 
the application of the critical stress, the quantities, 
except the power at 26 cycles, do not remain con- 
stant as with glass. This would be expected. With 
glass the pin is held by a soft metal. With applica- 
tion of stress the metal would be pressed more firmly 
against the glass and little change in conductive re- 
lationships of this metal to the glass would be ex- 
pected. On the contrary, with the porcelain insula- 
tor the cement used to fasten the cap and pin is an 
imperfect dielectric probably containing moisture. 
Under mechanical stress its dielectric properties 
would be expected to change considerably. The ef- 
fect of stress appears to diminish the power, power 
factor, and capacitance, undoubtedly because of 
changes in the geometrical relationships between 
cap and pin. 

The authors feel that the results of this research 
may assist in the obtaining of a better understanding 
of insulator performance and design, as well as of 
radio interference resulting from surface discharge. 
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Sealed-Off Ignitrons for Welding Control 


(Continued from page 40) 


The welding of large pieces, particularly when done rapidly 
with automatic machinery, usually requires the use of 
water-cooled tubes. There are few resistance-welding 
machines in use today requiring currents higher than 
these tubes are able to control. 
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Advantages of Sealed-Off Ignitrons 


The sealed-off ignitron tube provides the following at- 
tractive features for welding control. No other device 
offers all of these advantages: 


1. Tubes have no moving parts and so require little or no attention 
throughout their normal life. They are designed for long life. As 
compared with mechanical devices for rapidly opening and closing 
high current circuits, maintenance expense is low. 


2. Tubes provide flexibility, short timing, and accuracy of control 
otherwise unobtainable. This reduces surface heating, thus mini- 
mizing deformation and oxidation of work and lengthening electrode 
life. They permit welding of metals or alloys which were previously 
difficult if not impossible to weld. 


8. Ignitron tubes, because of their ability to pass very high peak 
currents, are connected directly in the primary circuit of the welding 
transformer. 


4. Ignitron tubes, particularly the metal models, are not fragile 
and so do not require extreme care in handling. They may be 
safely installed by unskilled workmen. 


5. Sealed-off ignitrons are replaceable units. Tube failure results 
in only the few minutes shutdown necessary to accomplish replace- — 
ment. When welding equipment is one link in a continuous produc- 
tion line, the avoidance of long forced shutdowns may result in size- 
able savings. 


6. Sealed-off ignitrons are small in size, comparatively, and, with 
the small amount of auxiliary apparatus they require, save valuable 
space in high production shops. 


At higher currents the longer total life of the more 
completely demountable and repairable continuously 
pumped tanks weigh in their favor. The capacity above 
which tanks might be preferred is dependent upon the 
ultimate life of the sealed-off tubes, the cost of develop- 
ment of larger sealed-off sizes, and the manufacturing 
cost of those developed. When higher power is needed it — 
may be desirable as an alternative to develop ignitrons of 
approximately present current ratings but capable of 
operating at higher voltages. 

Two or three years ago these ignitron tubes were in 
the developmental stage and were used in a few commercial 
applications. Today there are many equipments located 
in key positions of large volume production lines producing 
more consistent welds at higher speed than is practical 
with other types of control. 
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Short-Time Spark-Over of Gaps 


By J. H. HAGENGUTH 


ASSOCIATE AIEE 


URING the last few 
D years considerable prog- 

ress has been made in 
impulse testing technique.’ 
The results obtained in dif- 
ferent laboratories on the 
spark-over of sphere and rod 
gaps with the standard 1.5 x 40 
wave where spark-over occurs 
after the crest of the wave agree well and have permitted 
standardization of such spark-over curves. 

There has been little data published on spark-over 
values of gaps and insulation at very short time lags 
(less than 2 microseconds).*4 These data become im- 
portant when insulation co-ordination is considered. 
A’ given gap might protect a piece of insulation when a 
1.5x40 wave of low amplitude is applied to the combina- 
tion, such that spark-over takes place after the crest of 
the wave, but the insulation might fail if a wave of much 
higher voltage or steeper front is applied. Therefore, 
to enable satisfactory co-ordination of various insulating 
structures it is important to know the behavior of gaps 
and insulation for the steepest waves expected on trans- 
mission lines. 

The greatest rate of voltage rise of traveling waves 
due to lightning is not definitely known. However, from 
some oscillograms obtained in field investigations it is 
quite safe to assume that 1,000 kv per microseconds or 
more is a rate of voltage rise, which can occur quite 
frequently at least at the point where lightning strikes a 
line. If a rate of 1,000 kv per microseconds is assumed, 
this means, for instance, a spark-over at 300 kv at 0.3 
microseconds. 

The problems concerning the accuracy of the impulse 
measurements when high spark-over voltage and short 
spark-over time are involved are discussed in part I of 
the paper. Definitions of rate of voltage rise and of 
time to spark-over are discussed since they are important 
for comparison of results obtained in different labora- 
tories. In part II of the paper, results of tests on rod 
gaps, insulators, bushings, sphere gaps, and solid insula- 
tion covering a range of spark-over time of approximately 
0.2 to 4 microseconds, are presented. 


seconds. 


|. Impulse Testing Technique 


The Voltage Divider 


The resistance type of divider has been found to be an 
ideal tool for the reduction of high impulse voltages to 
true images of low enough amplitudes, which permit 
recording with a cathode ray oscillograph, when tests 
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In this paper data are presented on spark-over 
values of rod gaps, insulators, bushings, sphere 
gaps, and solid insulation for a range of spark- 
over times of approximately from 0.2 to 4 micro- 
The problems of accurate measure- 
ment that are involved are also discussed, and a 
shielded resistance voltage divider is described. 


are made to determine the 
minimum spark-over of gaps 
with the standard 1.5x40 wave. 
The resistance can be meas- 
ured conveniently and the 
true ratio between oscillograms 
and actual spark-over voltage 
can be established with cer- 
tainty. 

For the standard wave the distributed constants of the 
divider such as its inductance, capacitances to ground, 
and capacitance between successive turns of the non- 
inductively wound cards, are of negligible importance. 
However, the presence of the distributed constants changes 
the apparent ratio of the divider when high potentials 
with spark-over occurring at short times are to be meas- 
ured. For instance, a 10,000-ohm divider, which is used 
in the range between 200 kv and 1,000 kv slants a rec- 
tangular front to about a 0.4-microsecond front and a 
1/,-microsecond front to about */4-microsecond front in cer- 
tain positions of the divider with respect to a ground 
plane. Consequently the breakdown voltage of a 
sphere gap might be recorded much too low as shown 
on figure la, which was taken with a 6!/4-centimeter 
gap illuminated both by a mercury quartz lamp and a spark 
from a gap. Although the gap did not spark every time 
(see full wave on same figure), the amplitude of the re- 
corded spark-over voltage was only !/2 the amplitude of 
the full wave. When the waves of figure 1b are con- 
sidered, however, it is evident that the spark-over actually 
occurred after the crest is reached and the disturbing 
result in figure la is due only to the distortion caused 
by the divider. In the appendix equations are given 
showing the distortion caused by the different distributed 
constants of the divider and also some curves pertaining 
to some particular case illustrating their separate effect. 

When examining the effect of the various distributed 
constants on the distortion, it was found, that the main 
offender was the capacitance to ground which together 
with the resistance of the divider slants the wave front. 
Therefore for equal capacitance to ground the distortion 
will be greater as the resistance of the divider increases. 
In the above test, this capacitance had been equally dis- 
tributed by placing the divider about 6 feet above and 
parallel with the ground plane. In usual practice such 
a divider will be moved around in the laboratory, to 
place it in the optimum position with respect to the test 
A paper recommended for publication by the AIEE committee on instruments 


and measurements. Manuscript submitted October 31, 1936; released for 
publication December 1, 1936. 


J. H. HacencursH is electrical engineer with the General Electric Company, 
Pittsfield, Mass. 


The author is indebted to the personnel of the high voltage engineering labora- 
tory for procuring test results. 


1. For all numbered references see list at end of paper. 


Hagenguth—Spark-Over of Gaps 67 


FULL Wave] WAVE Ge 
3 8 ker i 
< < E ne 
5 Fe 
ro) <3 
‘ AL, rive 
: fend ) 
BREAKDOWN // BREAKDOWN 
OF G OF Ge 
Oiieoue Se 4tms U toe. (c) 
TIME TIME 
(a) (bo) 
Fig. 1. Comparative tests with ordinary and shielded 


resistance divider 


a—Measured wave front with ordinary divider 
b—Measured wave front with shielded divider 
c—Test circuit 

Gy, G.—6!/4-centimeter spheres 
M—Mercury-arc lamp 

O—Oscillograph 


piece and the effect of the capacitance to ground will be 
greater or smaller depending on any particular case. 

Another source of error obtained with any divider at 
rapid changes of voltage is the presence of the rapidly 
changing fields produced from the impulse generator 
proper, from the connecting lines, sphere gaps, etc., each 
changing at a somewhat different rate but all contributing 
a part to the distortion of the field around the divider. 

Therefore, 3 conditions are imposed in eliminating the 
distortion: 


1. The effect of the capacitance to ground must be compensated. 
2. A change in position of the divider must not change the com- 
pensation. 


3. The influence of external fields should be kept as small as 
possible. 


To eliminate the effect of the capacitance to ground a 
method similar to that used in shielded winding trans- 
formers’ has been employed. This method is shown 
diagrammatically in figure 2. The shield is shaped in such 
a manner, that by means of capacitance C, it supplies 
just the right amount of current through capacitance 
C, to ground, which is required to maintain the voltage 
e at an amplitude equal to the ratio of resistances at that 
point. Such a divider also will meet condition 2 by fixing 
the ground plane permanently to the divider. However, 
condition 3 cannot be met very readily without going to 
a very large grounded shield above the divider, which 
the available space in the laboratory usually would not 
permit. 

To meet all 3 of the conditions a different type of divider 
was developed which is shown in figure 3. In this divider 
a center cylindrical electrode serves as the line shield. 
The tank serves as the ground plane as well as the shield 
against external fields. The resistor is placed in the field 
between the line and ground shield in such a way that 
equal parts of resistances are placed on equipotential 
lines of correct potential differences. The divider as 
shown can be used up to 700 kv for minimum breakdown 
voltage tests on a 1.5x40 wave and up to 2,000 kv on front 
of the wave tests. In addition to the shielding, the 
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SHIELD 


10 
TEST PIECE TO OSCILLO GRAPH 


DIVIDER 


Fig. 2. Schematic diagram of shielded resistance 


divider 


C,—Capacitance from shield to divider 
C,—Capacitance from divider to ground 


distortion effect has been minimized by keeping the divider 
resistance low—7,000 ohms. The tank is filled with oil 
to avoid forming of corona. The minimum ratio of the 
divider is 100 to 1, since the surge impedance of the delay 
cable of 100-ft. length, which is used to transmit the surges 
to the oscillograph plates, equals 
70 ohms. This ratio can be in- 
creased to approximately 1,400 
to 1 by placing a required low 
resistance parallel to the cable at 
the divider end of the cable. 


The Impulse Circuit 


For testing with high rates of 
voltage rise, it is very impor- 
tant, that the divider is con- 
nected as closely to the test piece 
as possible, to avoid reflections 
of connecting lines and also to 
avoid measuring the inductive 
drop on long connecting lines 
from the steep wave fronts. One 
factor which produces distortion 
on the front as well as on the 
tail of chopped waves is the po- 
sition of the test piece in the 
generator discharge circuit, fig- 
ure 4a. The inherent inductance 
of the circuit is divided into 3 
parts; the inductance of the im- 
pulse generator proper L,, the 
inductance of the line to the test 
piece L;, and the inductance of the ground return L,. 
The effect of these inductances is twofold: 


Fig. 3. 


Shielded oil- 


immersed divider 


1. On the front of the waves, the rate of rise is influenced by the 
apparent addition of a superimposed oscillation. 
the fact, that at the initial moment, when the impulse generator 
discharges, the voltages in the circuit distribute according to the 
inductances. Depending then on the ratio of Ly to the total in- 
ductance in the circuit L; + Ly, + L, the amplitude of this initial 


inductive kick will be large or small. This inductive effect will _ 


have largely disappeared at the time the gap breaks down, provided 
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This is due to — 


the breakdown occurs between 50 per cent and 100 per cent of the 
wave crest. 


2. After spark-over of the test piece the load capacitance is short 
circuited by the low resistance of the arc and the discharge circuit 
changes practically into a L, R, C circuit with an oscillatory dis- 
charge with a time constant approximately proportional to LC. 
In the extreme case then the breakdown voltage would be of sinu- 
soidal form of long time constant (8 to 10 microseconds) while the 
true time constant of the gap breakdown is of the order of a fraction 
of a microsecond. 


To avoid the above discrepancies it is desirable to keep 
L, as small as possible by connecting the grounded end 
of the test piece to the generator through short leads, 


Fig. 4. Impulse- 
generator dis- 


charge circuit 

neESU 
Pp P 
GAP g—Usual connection 


b—Preferred  con- 
nection 


C,—Impulse generator capaci- 
tance 
C;—Impulse generator stray 
capacitance 
Cy,—Load capacitance 
L;, R-—Internal inductance and 
resistance of impulse generator 
Ly, L,—Inductance of high 
voltage and ground leads 
TEST GAP Rs—External series resistance 
(b) Ra—Divider resistance 


figure 4b. The actual position of true ground with respect 
to the generator is then not so important as long as dis- 
charge currents do not flow through the ground straps. 
It can be seen from figure 4a, that traveling waves of 
considerable amplitude would be set up in the divider 
cable sheath, if the cable sheath were connected to the 
grounded side of the test piece, while in case of figure 40, 
the cable can be connected at that point without compli- 
cations. 


Effect of Circuit Constants 
on the Spark-Over on the Front of Waves 


The control of wave fronts depends on the inductance 
and resistance in series with the discharge circuit, on the 
generator stray capacitance to ground and the capacitance 
of the test piece or any additional load capacitance. 
Usually the inductance inherent to the circuit is fixed 
and it is more convenient to control fronts by choosing 
the proper values of load capacitances and series resis- 
tances. For tests on minimum spark-over especially of 
air gaps, it is quite immaterial whether a relatively large 
resistance or a large load capacitance is chosen except 
that the resistance must be large enough to prevent super- 
imposed oscillation. For breakdown on the front of 
waves, somewhat different results are obtained using the 
same time constant RC but using either high R or high C. 

Figure 5 shows a typical wave front, with breakdown 
at 4; and 4’. Breakdown at #,’ would occur with large 
resistance, (for instance, 2,000 ohms) and at 4, with the 
small resistance, (for instance 400 ohms). The difference 
between the 2 waves is due to the voltage drop caused 
across the resistance by the relatively large charging and 
especially streamer currents® through the gap shortly be- 
fore breakdown. Naturally the larger the resistance the 
greater will be the drop and the more will the voltage 
wave depart from that natural to the circuit. It is evident 
that the spark-over voltages would be quite different in the 
2 tests although the rate of voltage rise as determined by 
conventional methods, is practically the same for the 2 
waves. Therefore if plotted on a curve showing rate of 
rise against breakdown voltage, a considerable spread of 
test points would be observed. The importance of this 
phenomenon with respect to evaluation of results will be 
discussed later. 

With respect to the maximum rate of rise and maximum 
voltage, that can be obtained from an impulse generator, 
curves of figure 6 are prepared. The generator has a 
rating of 2,500 kv at a discharge capacitance of 0.011 
microfarads and an inherent inductance of 120 micro- 
henries including leads. 

It was desired to determine whether the generator was 
of sufficient size to test transformers with steep fronts of 


Fig. 5 (left). Change of wave shape BEGo 
due to change in circuit constants 
; 2400 
a—RC = constant; R small, C large 
b—RC = constant; R large, C small 
c—Volt-time curve 2000 
a Ee 
v fe) 
< : 3 : A S 1600 
5 Fig. 6 (right). Rate of rise and maxi- 9 
> mum spark-over voltages obtainable *< 
; : 1200 
with a 2,500-kv impulse generator 
as a function of series resistance and 
capacitance load 800 
Solid lines—Kilovolts per microsecond 
Dashed lines—Kilovolts crest 400 
Numbers on curves are series resistances 0 1000 2000 3000 4000 5000 
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VOLTAGE 


4 
TIME TIME 
Rate of Rise Rate of Rise 
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Fig. 7. Comparison of definitions of rate of voltage 
rise 


the order of 1,000 kv per microsecond. A transformer 
can be represented by a capacitance equal to its impulse 
capacitance when chopped waves of short duration are 
applied. The impulse capacitance of transformers ranges 
from approximately 300 to 2,500 micromicrofarads. 

Tests were made with the electrical transient analyzer.’ 
The analyzer represents an ideal tool for such purposes 
and eliminates a large amount of routine labor in evaluating 
the equations. In the curves of figure 6 the rate of rise 
is calculated by using the crest voltage as measured with 
the analyzer and dividing it by the time interval from 
zero tocrest. The maximum rate of rise obtainable is there- 
fore greater than indicated on the curves of figure 6. It 
is seen from figure 6, that in the range of load capacitances 
of 300 to 2,000 micromicrofarads, rates of rise between 
2,000 and 2,800 kv per microsecond can be obtained with 
maximum voltages of approximately 2,000 kv. These 
values are sufficiently high to permit spark-over of test 
gaps parallel to transformers with spacings up to 70 inches 
at 1,000 kv per microsecond voltage rise. For tests on 
transformers of higher voltage ratings, a larger impulse 
generator is available. It should of course, be realized, 
that the constants to be chosen for the wave front test 
would not at all be suitable for testing on the tail of the 
wave. For instance, when using Ry = 50, C2. = 5,000, 
a high-frequency oscillation results which is superimposed 
on the wave front. However, it is just this superimposed 
oscillation which produces the wave front of 1,200 kv 
per microsecond rise. Since the test is required to be 
made on the front of the wave, only the first rise of the 
wave will be applied to the gap. It is, therefore, im- 
material whether a 1.5x40 wave is used for testing a gap 
with steep wave fronts as long as the rate of voltage rise 
follows the specification. The use of 1.5x40 waves for 
tests on the front of the wave would limit the spark-over 
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tests to relatively small gap spacings or else would require 
an impulse generator of uneconomical proportions. 


Definition of Breakdown Voltage, Time to 
Breakdown, and Rate of Voltage Rise 


If impulse generators contained resistances and capaci- 
tances only, it would be an easy matter strictly to define 
terms determining the time to breakdown, and the rate 
of voltage rise on wave fronts, However, throughout the 
impulse discharge circuit, especially of the high-voltage 
impulse generators, inductance of sometimes considerable 
value is distributed. These inductances, together with 
the generator capacitance and capacitances to ground, 
such as stray capacitances and load capacitance, produce 
oscillations on the wave front and the waves do not have 
strictly exponential characteristics. While these phe- 
nomena are not disturbing when testing with 1.5x40 
waves for minimum spark-over of gaps, they tend to mag- 
nify the difficulties of exact definition, and comparison of 
results of different investigators is difficult unless the same 
procedure is used for evaluating the oscillograms. 

Two main groups of definitions are used at present, 
both of which practically ignore the time to breakdown 
but rather use the rate of voltage rise to record results 
of tests of spark-over voltages of a gap. The rate of 
voltage rise is defined as: 


(A) A line drawn through 2 points with an amplitude of 10 per 
cent and 90 per cent of the crest voltage intersects the zero line and 
a line through the maximum voltage parallel to the zero axis. 


(B) A tangent drawn to the steepest part of the front intersects 
the zero line and a line through the maximum voltage parallel to 
the zero axis. 


In both cases division of the maximum voltage by the 
time interval between the 2 intersection points gives the 
rate of voltage rise. 

Method A has the advantage of a clearer definition 
since in most cases, it is quite a simple problem to de- 
fine the 10 per cent and 90 per cent point and the 2 inter- 
section points, while it is generally extremely difficult to 
determine a tangent. Both methods however, have 
slight inconsistencies as follows: 

Figure 7a shows a wave front without superimposed 
oscillations. The relative rate of rise is indicated for 4 
conditions: 


1. Spark-over at 10 units of voltage, method A, 2.6 units of rate of 
voltage rise. 


2. Spark-over at 7 units of voltage, method A, 2.2 units of rate of 
voltage rise. 


3. Spark-over at 10 units of voltage, method B, 5.3 units of rate of 
voltage rise. 


4. Spark-over at 7 units of voltage, method B, 5.0 units of rate of 
voltage rise. 


The resulting rates of rise show considerable difference 
although for about 50 per cent the rate of rise of the 2 
waves is identical. The relative rate of rise for the wave 
breaking down at 7 units of voltage is even less than that 
for the 10 unit breakdown when obtained with method A. 
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The method of B would indicate a rate of rise twice as 
large as that of A. Further actual wave fronts are often 
of a form as shown on figure 7b, because optimum test 
conditions cannot be obtained. The method A would 
practically give the same rates of rise as that in figure 7a, 
while it would be very difficult to use method B. From 
the above discussion it appears that the use of the rate of 
voltage rise to determine spark-over voltages is at least 
confusing if used with any of the above definitions. 

From comparative tests such as mentioned in connection 
with figure 5, it appears that the maximum rate of rise 
as defined above is relatively unimportant, while the 
crest voltage and the time to spark-over seem to be quite 
definitely related. For instance, spark-over voltages 
obtained with the same time constant RC but large and 
small series resistance R lie on a smooth curve when 
plotted against time to spark-over but when plotted 
against rate of voltage rise (by standard definition) a 
considerable spread is observed. 

From these considerations, it was foud to be an ad- 
vantage to use the average rate of rise as the factor which 
determines the breakdown. Average rate of rise is ob- 
tained by dividing crest voltage by the tiiue to spark- 
over. The wave zero under this definition would be de- 
fined as the point of intersection with the zero axis of a 
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Fig. 8. Volt-time curve of a 10-inch rod gap: '/9- 
inch square rods 


+ 2,000 ohms series resistance 
-+4 1,500 ohms series resistance 
< 0. ohms series resistance 
1.5x40-microsecond wave for tests with 2,000 ohms series re- 
sistance, positive polarity 
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Fig. 9. Variation of spark-over voltage with steep- 

ness of applied wave corrected for standard conditions 

Solid curves negative polarity; dashed curves positive polarity 

A—30-inch rod gap B—90-inch rod gap 
C—10-inch rod gap 


line drawn through the 10 per cent and 90 per cent points 
of crest voltage. 

Necessary discrimination has to be used when due to 
enforced testing conditions the front of a wave is not 
smooth but has for instance the shape of figure 7b. At 
the spark-over at 7 voltage units, the 10 per cent point 
should not be chosen at the first rise in voltage, but 
on the zero extension of the following voltage rise as 
shown by line 2’. 


Il. Results of Breakdown Tests 


Accuracy of Test Results 


Tests of breakdown on the front of waves are conducted 
in the following manner. Beginning at minimum spark- 
over of the gap for a 1.5x40 wave the charging voltage of 
the impulse generator is raised in 10 per cent steps. For 
each charging voltage usually 3 arc-overs are recorded by 
oscillograms. As the voltage is raised higher the losses 
in the series resistance due to streamer currents become 
greater than the increase in voltage. At this point the 
series resistance is lowered or removed completely which 
changes the wave front accordingly. The oscillograms 
are then analyzed for spark-over voltage and the time to 
spark-over. Figure 8 is included to show what accuracy 
can be expected from a single random calibration point. 
It is evident that down to 0.4 microsecond the spread of 
values is of the order of 10 per cent and usually less. This 
spread is partly due to variations in gap spark-over, partly 
to errors in scaling of oscillograms, partly to the error in- 
herent to the divider and oscillograph. For breakdown 
times of less than 0.4 microsecond the error becomes 
greater. Here the greatest error is due to the scaling of 
the oscillograms. Usually the time to spark-over is the 
greater source of error, although for these fast times the 
sweep is chosen such that 1 microsecond represents 40 to 
60 millimeters on the time axis of the oscillogram. Even 
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at these fast sweeps an error in displacing the line for 
10/90 per cent by 2 millimeters at both ends amounts in 
an error in time to breakdown of about 0.1 microsecond. 

The errors, real and apparent, due to variations in gap 
spark-over and the scaling of oscillograms can be practi- 
cally eliminated by comparing a large number of oscil- 
lograms, and curves such as shown on figure 8 can be 
drawn with a fair degree of accuracy even to such short 
times as 0.2 microsecond. 

It should be noted that portions of this curve were ob- 
tained with different values of series resistance which 
partly overlap. The continuity of the curve is not dis- 
turbed, although the relative slope of wave fronts for 
different values of resistance is quite different. 


Spark-Over Curves of Gaps 


The results of tests on 10, 20, and 30-inch rod gaps are 
shown on figure 9 for positive and negative polarity. 


Minimum Spark-Over Voltage 


: 
f 


These curves were drawn by using the average curves | 
obtained as outlined above. The kilovolts per micro- 
second values were calculated by using crest voltage and 
time to breakdown as explained earlier in the paper. The 
curves level somewhat at the high rates of rise and ap- 
pear to approach some straight line characteristic. The 
left-hand portion of figure 8 seems to substantiate this. 
Here the voltage rises almost abruptly while the time to 
breakdown hardly changes. A difference of about 10 
per cent is indicated between positive and negative break- 
down voltages. 

To compare gaps of different size and different character 
it is an advantage to use some common basis for com- 
parison. Asa characteristic curve the overvoltage-time 
to spark-over curve is considered. Overvoltage is de- 
fined as the voltage required to spark over a gap in ex- 
cess of the minimum impulse spark-over voltage, for in- 
stance due to a 1.5x40 wave, at a spark-over time less 
than the minimum impulse spark-over time. Such curves 
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Fig. 10. Over- 
voltage curves of 
rod gaps, bush- 
ings, and barriers 


Test electrodes of 
barriers are 4-inch 
round disks with 
square edges. Bar- 
riers consist of 3 oil 
ducts of 1/; of total 
spacing each and Q | 
pressboard sheets 1/3 
of total spacing each 


Rod gap of !/2-inch 
square rods 


+ indicates positive 
polarity; + indicates 
negative polarity 
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Fig.11. Over- 
voltage curves of 
suspension in- 


Minimum Spark-Over Voltage 


sulators 


Spacing 53/4 inches; 
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show at a glance the relative time to breakdown charac- 
teristics of the different types of gaps. 

To increase the usefulness of overvoltage-time to 
spark-over curves the minimum spark-over voltage is 
noted below the figures. To obtain kilovolt values from 
the curves, it is necessary only to multiply the minimum 
spark-over voltage times the per cent overvoltage and to 
divide by 100. 

The curves of figure 10 show the overvoltage-time to 
spark-over characteristics for rod gaps, bushings, solid 
insulation, and combinations of solid and oil insulation. 
[t should be noted that the electrodes used for tests on 
solid insulation are 4-inch round disks with square edges, 
which produce a somewhat uniform field. It is evident 
chat the overvoltage values of rods and bushings are con- 
siderably higher than those of the solid insulation. Part 
yf this difference can be attributed to the difference in 
lectrostatic field. 

In figure 11 the curves for suspension insulators are 
shown. It is surprising that the overvoltage curves 
ave such a small spread and an increase of overvoltage 
vith increase in string length is hardly indicated. On 
he contrary the curves for pedestal insulators, figure 12, 
how larger differences in characteristic shape and a high 
ncrease in overvoltage as the number of insulators is in- 
reased, especially for positive polarity. 

Figure 13 shows a summary of the previous curves. 
[he curves for rod gaps correspond to the average of the 
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Fig. 12. Overvoltage curves of pedestal insulators 
Spacing 141/2 inches; diameter 17 inches 


+ indicates positive polarity; + indicates negative polarity |” 
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10-inch and 20-inch gap. The insulator curves represent 
the average values for 1, 2, and 8 units of suspension in- 
sulators and the breakdown values for the !/,-inch and 
l-inch barrier are averaged. The circles indicate the 
overvoltage values of a 50-centimeter sphere gap at 34.25- 
centimeter (68 per cent) spacing at negative polarity. 


characteristics of such a gap, when spark-over occurs at 
a short time. A 25-centimeter gap was chosen as repre- 
sentative for the larger gaps. It is evident that the 
sphere gap requires considerable overvoltage to spark- 
over at short time. The overvoltage values are shown 
in table I. 


Table I—Overvoltage Values of 25-Centimeter Sphere Gap, 
Positive Polarity 


Time to Breakdown, Gap Spacing in Per Cent of Sphere Diameter 


PER CENT OVERVOLTAGE 


! 
TIME TO BREAKDOWN — MICROSECONDS 


Fig. 13. Comparison of overvoltage characteristics 
of different types of gaps 


A—Rod gap; average values of 10-inch and 20-inch gaps 
B—Bushing 


C—Insulator; average values of 1, 2, and 3 suspension 


insulators 
D—Solid and oil; average of 1/2-inch and 1-inch barriers 
Circles show voltage of a 50-centimeter diameter sphere 
gap spaced 34.25 centimeters 
+ indicates positive polarity; indicates negative polarity 


Wherever- possible the rod gap tests were made with the 
gap mounted according to standard specifications of the 
National Electrical Manufacturers Association, H = 
(1.3.5 + 4”) © 10 per cent where // is the height of the gap 
above ground plane and S is the spacing of the gap. How- 
ever, the relative characteristics of pedestal insulators and 
rod gaps is such that the rod gap will not protect the pedes- 
tal at very short times to spark-over. In such cases the 
number of pedestal insulators was increased. Figure 14 
has been prepared to show the breakdown characteristics 
for 2 pedestal insulators giving the specified height of the 
rod gap above the ground plane for a 20-inch rod gap. 
It shows that the curves for rod gap and pedestal insulators 
cross at 1 microsecond for the positive wave and approach 
at '/, microsecond for a negative wave, which indicates 
that either may arc. It appears desirable to modify the 
NEMA rules for the condition of tests on the front of 
waves. 

The above gaps with exception of the solid and barrier 
type represent strictly non-uniform fields. Contrary to 
this a sphere gap is considered to have a fairly uniform 
field. Figure 15 is included to show the spark-over 
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The table shows that overvoltage values decrease as 
the gap spacing is increased. 

Incidentally the crosses on these curves indicate tests 
made with artificial irradiation from a mercury arc light 
spaced 18 inches from sphere center with 60 watts input. 


BREAKDOWN VOLTAGE — KILOVOLTS 


TIME TO BREAKDOWN — MICROSECONDS 


Fig. 14. Volt-time characteristics of 2 pedestal 

insulators (A) and a 20-inch rod gap (B). The 

pedestal represents the standard mounting for this 
size gap 


+ indicates positive polarity; + indicates negative polarity 


The effect of this ionization appears to be negligible for 
large gaps at relatively large spacings. From these curves 
it appears that for spark-over time of 1 microsecond or 
more the sphere gap indicates spark-over at the same 
voltage irrespective of voltage application. 
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For times shorter than 1 microsecond the established 
values of sphere gap spark-over do not apply. The over- 
voltage-time to spark-over characteristics for different 
spacings of the same gap are not the same. This re- 
quires a complete short time spark-over calibration for 
a number of spacings on each size sphere, if the sphere 
is to be used for measuring short time spark-over. For- 
tunately the oscillograph in connection with a proper 
divider has become a reliable instrument which can be 
used with confidence as a voltage measuring device when 
the sphere gap is not applicable. Figure 16 shows some 
representative oscillograms of spark-over of rod gaps 
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BREAKDOWN VOLTAGE — KILOVOLTS 


O 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 
TIME TO BREAKDOWN — MICROSECONDS 


Fig. 15. Spark-over voltage of a 25-centimeter 


sphere, at positive polarity 


Horizontal lines M are minimum breakdown voltages 


A—19-centimeter spacing B—8-centimeter spacing 
C—4-centimeter spacing 


without and with transformer load and a sphere gap 
spark-over. 


Summary 


1. A shielded resistance divider is described which incorporates the 
desirable features of the ordinary resistance divider and by means 
of shielding eliminates distortion inherent to such dividers on 
application of fast wave fronts. 


2. The over-all accuracy of measurements of waves at short times 
is approximately 10 per cent or better for spark-over times of 0.4 
microsecond or more, 15 per cent to 20 per cent for shorter times, 
This applies for individual test points. For a more accurate deter- 
mination a series of 3 to 5 breakdowns can be used under identical 
condition of test circuits with a probable accuracy of better than 
10 per cent. 
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3. The curves presented show that the relative short time spark- 
over voltages are highest for gaps with non-uniform field such as 
rod gaps, bushings, pedestal, and suspension insulators in the order 
named, figure 13. The gaps with more nearly uniform field such as 
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Fig. 16. Oscillograms of front of wave spark-over 


A—1/s-inch square rod gap, 10-inch spacing. Rate of rise 
850 kv per microsecond; crest 475 kv; negative polarity 


B—925-centimeter sphere gap, 19-centimeter spacing. Rate 
of rise 950 kv per microsecond; crest 551 kv; positive polarity 


C—1/,-inch square rod gap, 20-inch spacing. Rate of rise 
1,300 kv per microsecond; crest 913 kv; transformer load; 
negative polarity 


D—"/.-inch square rod gap, 3-inch spacing. Rate of rise 
1,330 kv per microsecond; crest 300 kv; transformer load, 
negative polarity 


sphere gaps and the 4-inch disks used in tests with solid insulation 
show relatively high overvoltages but they occur at considerably 
shorter times than those of gaps with non-uniform fields. 


4. Although a large number of volt-time curves has been made, a 
considerable amount of additional tests are required to complete 
the experiments, on which co-ordination can be perfected for the 
fastest rates of rise of natural lightning waves. Experience in the 
latter field is very restricted. However, rates of rise of 1,000 kv 
per microsecond and higher can be expected at least at the point of 
lightning contact. Further data are needed to enable a better 
understanding of requirements. 


5. Impulse breakdown tests on front of waves can be made with 
similar ease as those on the tail of waves. The limits of accuracy, 
however, should be more liberal to allow for the greater spread in 
breakdown voltages of gaps when subjected to high rates of voltage 
rise. 
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Fig. 17. Comparative wave shapes obtained with 
ordinary resistance divider and equivalent circuits 


Solid curves from calculations; dashed curves from tests 


For conditions A and C; K’ has been added externally to the 
divider 


Inherent constants—R = 10,200 ohms; GC = 81 X 10-"F; 
L = 34 X 10-th; K = 3 X 10-1F 


Appendix 


To study the behavior of a resistance divider, the divider was 
placed horizontally 6 feet above ground. Under this condition an 
extremely steep wave was applied to the divider and the response 
was measured at the grounded end. Since the effect of the series 
capacitance K is beneficial, such series capacitance was externally 
applied to the divider (condition A and C, figure 17). However, it 
was found that the amount of series capacitance which could reason- 
ably be connected to the divider was not nearly sufficient to benefit 
the transmission of the wave. 

The equations for the 4 possible combinations of divider constants 
were solved and the results plotted together with the test results. 
From a comparison of tested and calculated waves, it appears that 
the calculations ignoring the inductive component of the divider 
(conditions C and D, figure 17) show as good agreement between 
test and calculation as those with the inductance included. It 
appears therefore that for simplicity of calculations the circuit D 
of figure 17 can be considered as being representative of the resistance 
divider circuit. 

The equations for the voltage e at a point x to ground of the 
divider for the 4 conditions are: 
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A. Single-Element Polyphase Directional Relay 


By A. J. MCCONNELL 


ASSOCIATE AIEE 


HE IMPORTANCE of 

polyphase directional re- 

lays in relay protective 
irangements is generally rec- 
ygnized today. 

The first polyphase direc- 
ional relays consisted of 2 
yr 3 single-phase elements con- 
1ected to a common shaft. 
These single-phase elements were almost identical to exist- 
ng forms of meters, namely, induction-disk watt-hour 
neters and indicating wattmeters. During the evolu- 
‘ion of these devices, many improvements were made, some 
ollowing the advances in meter design, and others being 
che result of problems met only in the protective relay field. 

Notwithstanding these improvements, it became in- 
sreasingly apparent that a relay with higher speed and 
sreater torque was necessary for many applications. 
Furthermore, such a relay would be convenient even for 
those applications not requiring high speed, providing it 
nvolved no added expense. 


[Improved Single-Phase Directional Relay 


Improvements in the speed of single-phase and poly- 
phase induction-disk relays have been limited by inher- 
ent high disk inertia and low torque efficiency. These 
imitations are largely overcome in the induction cylinder 
or cup relay recently developed. A single-phase power 
lirectional element of this design is shown in figure 1. 

It consists of a stator with 8 laminated salients project- 
ng inward and arranged symmetrically around a central 
magnetic core. The salients are fitted with alternate 
current and potential coils. In the annular air gap be- 
tween the stator and central core is the cylindrical part 
of the cup-like induction rotor. The central core is 
fixed to the stator frame. The cup alone turns. The 
combination of the smaller rotor inertia and the greater 
efficiency of this design greatly increases the speed. 

For some time, polyphase directional relays of this type 
of construction have been built using 3 elements having 3 
rotors mounted on a single shaft. 


Single-Unit 3-Phase Directional Element 


Engineers have long considered the economy of using 
yne directional unit to perform the polyphase function. 
[In fact, methods utilizing potential and current switching 
aave been in use for some time, mainly in other countries. 
These, however, have the disadvantage of being compli- 
sated by auxiliary switching relays, in addition to the time 
ost in performing the switching function. 

The multiple-pole induction-cylinder relay makes it 
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Increased speed because of reduced inertia and 

greater torque is obtained from the polyphase di- 

rectional relay described in this paper. A 

single cup-like moving element is used in place 

of multiple disks as used heretofore, the poly- 

phase function being obtained by the use of 
multiple poles. 


possible, as will be shown, to 
combine the polyphase func- 
tion of 3 elements in a single 
element without the use of 
auxiliary switching. This has 
resulted in a large reduction 
in size and weight, together 
with low inertia and high 
speed, as illustrated in table I. 

The relay operating element is similar to the element 
shown in figure 1, but a magnetic return path is provided 
for each salient. 

The production of torque is like that in the induction- 
disk directional relay and the unit may be considered to 
be a number of directional magnets acting upon the same 
rotor. 

Referring to figure 2, each coil produces rotor currents 
which react with the flux of each other coil to produce 
torque. The torque of adjacent pairs of salients is large, 
relative to that of other pairs. For example, the torque 
produced by combination 1 and 3 is approximately 15 
per cent of the torque produced by combination 1 and 2, 
while that produced by combination 1 and 4 is about 2 
per cent, a negligible amount. The torques of alternate 
salients (e. g., 1 and 3 or 2 and 4) being appreciable, the 
connections are so arranged that these torques balance 
out substantially to zero; an adjustment being provided in 
addition, for more accurate balance of the current torques. 


Table I—Comparison of Types of 3-Phase Relays 


Two- Three- One- 
Disk Relay Cup Relay Cup Relay 
(Per Cent) (Per Cent) (Per Cent) 
SIZ rR hereln ss Biclacenaie sonacts ingore eee LOO nner sarees LOO se teeeteven rests 50 
Weighty cepniest eevee sane Melee rai LOOieasasty se owe LOQs rte cieies erorees 50 
Torque-per watt input... ..05 secs ose DOQRr Atha necseesker TOO Re trastevcrcner sre 156 
Inertia of moving element.......... ND Olrrescontows.c. as. LY fie eaeeeCt cisecgaro 6.6 
Speed (equal input)................ LOO wes etedeneve eee SSO teredewsuees 480 
Speed (rated input)... . sone ase LOO S ctereusmssatencts SSO ree wets 280 


Thus, in analyzing the action of the relay, it is necessary 
to consider only the adjacent combinations. 

Although the same performance characteristics of all 
the usual connections (quadrature, etc.) are possible, the 
connections shown in figure 2 appear to be the most suit- 
able. Considering the interaction of adjacent combina- 
tions, J, acts with Egand with Ey. Since Eg and E, 
are on opposite sides of J,, combination 1-2 is of opposite 
sign to combination 2-3. Assuming the reaction of each 
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Figa Je 


Element of single-phase directional relay 


A—Upper stator casting 

B—Laminations 

C—Lower stator casting 

D—Rivets which fasten parts A, B, and C together 
E—Central core (laminated iron) fixed to part C 
F—Notch to facilitate disassembly 

G—Air gap in which rotor cup turns 

H—Position for current coils 

J—Position for potential coils 


current coil with the counterclockwise potential coil as 
positive, and with the clockwise potential coil as negative, 
the total input (watts and reactive volt-amperes) to the 
relay will be! 


Pr + jQr = (Ez a E,)Ig as (SE, a Ez)Ip at (E,4 = Eo), + 2 
(E, + Ec)o 


With the above power quantities supplied to the relay, 
it will have average torque proportional to 


(| Ei | (| Li |) cos (61 — 60 + 6) + (| Ex| (| Z2| ) cos (2 + 60 + 8) 
(appendix IA) 


The corresponding equation for the torque of the stand- 
ard quadrature connection of the usual type of induction- 
disk relay is 


(|Ex|)([f\) cos (1 — 90 + 6) + ({E:|)([Zo]) cos (dz + 90 + 8) 
(appendix IIA) 


It may be seen that there is agreement between the 2 
connections, except for 30 degrees in both the positive- 
and negative-phase-sequence terms. 

With the connections of figure 2, there is a difference of 
30 degrees in phase angle between a 3-phase fault and a 
dead phase-to-phase fault; maximum torque being at the 
more lagging angle in the phase-to-phase condition 
(appendix IB). 

This characteristic is desirable because a 3-phase fault, 
from the relay point of view, is likely to be nearer unity 
power factor than is a phase-to-phase fault. This is be- 
cause the phase angle at the relay during a 3-phase fault 
depends only on the impedance (line and arc) from the re- 
lay to the fault, whereas, during a phase-to-phase fault, 


1. For numbered references see end of paper. 
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Ea 
Ee Eg Ec 
Eg 
Ec Eb ae 
—> 
EA 
_ 
Fig. 2a (right). Diagram il- 


lustrating relay connection 


Fig. 2b (above). Diagrams of 


current and voltage relations 


the phase angle depends on the impedance back to and in- 
cluding the generator as well as the impedance to the fault 
(appendix III). This inherent 30 degree shift is advan- 
tageous for another reason, namely, less resistance is re- 
quired in the potential circuit than with the quadrature 
connection in order to obtain the same 3-phase phase- 
angle characteristics. The loss is therefore less. 


Quadrature and Other Connections 


It is possible to obtain the performance characteristics 
of the well-known quadrature connection in several 
ways; 2 ways are illustrated in figure 3. Figure 3a 
utilizes phase-to-neutral voltages, the neutral being either 
ground or an artificial neutral formed by a common con- 
nection of the potential coils. Figure 3b uses a delta 
voltage on each potential coil. Appendix IV shows how 
each of these connections is equivalent to the quadrature 
connection. 

It is also possible to obtain the equivalent of the ad- 
jacent connections by changing the cyclic order of either 
the voltages or currents of figure 3. 


RELAYS USING THE 3-PHASE ELEMENT 
IN COMBINATION WITH OTHER ELEMENTS 


The element described in the preceding is, of course, a 
plain directional relay. On the same shaft have been 
added certain other elements of like construction in order 
to modify the characteristics. For example, it is often 
advantageous to prevent a directional relay from operat- 
ing except during fault conditions. For this purpose, a 
voltage restraining element has been added. This type of 
relay is shown in figure 4. 

Although a plain directional relay will often take care 
of ground faults as well as phase faults, it is necessary to 


add ground-fault protection when the torque caused by 


ground-fault voltage and current is less than that caused 
by load current, or when generation is present at one end 
only. To meet this requirement a strong ground-fault 
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el 


element may be added to the 3-phase element, this com- 
bination being sufficient for almost any relay location. 

The addition of a voltage-restraining element to the 3- 
phase directional and ground directional elements has 
resulted in an entirely new combination. A relay of 
this type is shown in figure 5. 

The successful use of the induction-cup element for the 
applications described above gives encouragement for the 
development of other forms of polyphase high-speed re- 
lays having a higher torque-to-input ratio and lower in- 
ertia of the moving parts. 


Nomenclature 


Pr = total power applied to relay 
Qr = total reactive volt-amperes applied to relay 


I = ccurrent vector as a complex quantity (of the form a + 7b) 

I = conjugate of I(a — jb) 

| Z| = absolute value of the vector UV a? + 62) 

E = voltage vector as a complex quantity 

@ = operator which rotates a vector 120 degrees in the counter- 
clockwise direction 

a = angle by which the vector E£, leads a reference line 

6: = angle by which the vector J; leads a reference line 

¢1 = a — 6; = angle by which fh lags E, 

@, = angle by which the vector E, leads a reference line 

B2 = angle by which the vector J; leads a reference line 

¢2 = a. — B. = angle by which , lags E, 

@ = angle of lead (current leading voltage) at which maximum 
torque of a pair of adjacent salients occurs 

Z, = positive-phase-sequence impedance of the generator 

Z, = negative-phase-sequence impedance of the generator 

Zr = positive- and negative-phase-sequence line impedance 

R = phase-to-neutral arc resistance 

K = relay torque constant per pair of adjacent salients 


Subscripts a, b, c, A, B, C are defined by figure 20. 
Subscripts 1, 2, and 0 denote positive, negative, and zero phase 
sequence, respectively. 
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Connections according to figure 2. 
The total input to the relay is! 


Pe+jQe = (Es — Ea)l, + (—Ea — Ep)Iy + (—Ec + Ea) + 
(E4 + Eg)lh 


The underlined terms cancel, leaving 


Pr + jQr al Ezlg —y Fal, ap Ecly — Esl + Eal, es Ecol 


Fig. 3. 


MY i 
6 Kos 


Relay connections for quadrature equivalent 
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These power quantities can be expressed in terms of symmetrical 
components as follows: 


Eplg = (Eq = E.)Ia = £)+ £,+ £ — Ey) — aE, — a?E,) 
(ho +h +h) 
=(1-QEh+(1-@6BR+ (1 -@)Bht+ (1 -— @) Eh + 
el =~ a?) Eo, + al == a?)Eody 


The following table gives the coefficients of all of the sequence 
voltage-current products. 


Relay f é a 5 *, “i 2 ¥ . 
Quantities Ein E.h Eh Exot, Esl, Ext) Eh, Eol, Elo 
Epla l-a 1—a1l1l-—a 1-—a’?1—a@ 1-—a0 0 0 
—EAlg a*—a a?—aa%*—aa—-at*a—at* a—a?0 0 O 
Eclh 1-—a a—a?a%—1a%?—ai-a a—-10 0 0 
—Eplhy a?—a 1—aa—-1%1—aa-—a? at?—10 0 O 
Eale 1—a a2#—1la-—ata—1i1—a* at—ad 0 0 
-EcI, at*—a a-—-11—a%a*—1l1a-—a? 1-—a 0 0 0 
Total 3 — 6¢ + 3 + 3a — 
3a? 0 0 0 6a? 0 Oo” 40, 60 
Total —9a 0 0 0 —9a2 0 0 0 0 
Pp + jQr = —7EL, = 9a2EnI, 
but a = </° a? = ¢/40 
E, = | Ey | jo Ee | Ea | <Jo2 
f, = | Zi | e7JB1 I, = | Ts | e€IBs 


(Note: Angles are in degrees.) 


Therefore: 
Prt jQr = —%|Eil)([Lil)e4t— FF 120) — 9(|E5|)( [Zo] for B+ 240) 
= 9(| Ey |)(| Li |) 8-8 4. (| He |)(| Lo | )eH2 Fe +60) 
Pr+jQr = %|£:|)(|Li|) [cos (a: — 6: — 60) +jsin X 


(a1 — Bi — 60)] + 9( | Z| )C | Zo] ) [cos (a2 — Bo +60) + 
jsin (a — B, + 60)] 


(| £:|)(| 41) [cos (¢: — 60) + j sin (¢1 — 60)] + 
9( | £2|)(|Z2|) [cos (62 + 60) + 7 sin (¢2 + 60)J 


This is the total input to the relay in terms of symmetrical com- 
ponents. It is seen that the input consists of a positive-phase- 
sequence term with a voltage £,, a current 4, and an angle between 
E, and I, equal to (¢: — 60) and a similar negative-phase-sequence 
term with an angle (¢, + 60). 


Fig. 4. Three- 
phase — direc- 
tional relay 
with voltage 
restraint 
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Fig. 5. Three- 
phase and 
ground direc- 
tional _ relay 
with — voltage 

restraint 


On the basis of a pair of adjacent salients, the relay has average 
torque proportional to (| Z| )(|Z|) cos (¢ + 6) where 


the angle by which the current lags the voltage 
the angle of lead (current leading voltage) at which maximum 
torque occurs 


? 
6 


Thus, with the above input, the relay will have torque equal to 


9K[(| Zi | (| L|) cos (¢1 — 60 + 6) + 
(! B2| )( | Z2| ) cos (d2 + 60 + 8)] 


where K is the relay torque constant per pair of adjacent salients. 
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Connections according to figure 2. 
Relay Torque During 3-Phase Fault 
Torque = 9K(| E:| )( ||) cos (¢1 — 60 + 8) 


Maximum torque is when ¢; + 6 — 60 = 0, that is, when ¢; + @ = 60 
(see figure 6) 


Relay Torque During Dead Phase-to-Phase Fault 
Assuming | FE, | = | Ee |, | hi | = | Zo |, and ¢2 = $1 + 180 


Torque = 9K[(| E:|)(| Li | ) cos (¢: — 60 + 4) + 
(| Z:| (||) cos (¢1 + 180 + 60 + 8)] 


E, 


Fig. 6. Phase angle for maximum 
torque 60 


Three-phase fault; connections accord- 
ing to figure 2 
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ll 


9K(| Ei | )( | Li!) [cos (¢1 — 60 + 8) + 
cos (¢1 + 240 + 6)] 
9x/3K(|£:| (| Li|) cos (¢: — 90 + 8) 


Maximum torque occurs when ¢: — 90 + 6 = 0 
that is, when ¢; + 6 = 90 degrees (See figure 7) 


Torque 


Appendix IIA 


Quadrature Connection 


With the quadrature connection, E, operates with —Jq, Eg with 
—Ih, and Eg with —J;. 
The total input to the relay is 


Pr+jQr = —Eals — Esky — Ecl, 
Relay ty 

Quantities E.l, E\h, E.h, E.t, E.I, Exly Eh; Evi, Eolo 
—EAla a?—a a27—a a?#—aa-— a’*a-— a? a—a* 0 0 0 
—Eplh at—a l1-—a? a—-1lt1-—aa-—a?* at—1 00 0 
-EcI, at—a a-l 1 — a? a? — 1 a — a? l—-e« 0 0 0 
Total 8a? — 3a 0 0 0 3a — 3a? 0 0).0:>-.0 


Pr + jQr = 3(a? — a)Eh, + 3(a — a?) El, 
= —3)/3j Bh, + 3/37 Bh 
3-0/3 (|Eil)([Zi] e718 90) 
3-V/3(|Eo|)(|Z2] ) e402 — Fe +90) 
3V/3( | Zi! (| Li] ) [cos (ar — B: — 90) + 
j sin (o1 — 61 — 90)] + 3x/3(| E2| (||) X 
[cos (a2 — B2 + 90) +7 sin (a2 — Bb + 90)] 


which is the total input to the relay in terms of symmetrical com- 
ponents and the relay torque is 


3V/3K[(| £:| (| Li] ) cos (1 — 90 + 6) + 
(| E2| )( | Z2|) cos (¢2 + 90 + 6)] 


Appendix IIB 


Quadrature Connection 


RELAY TORQUE DURING 3-PHASE FAULT 


Torque = 3+/3K(| £.| )(|Li|) cos (¢: — 90 + 8) 
Maximum torque is when ¢; — 90 + @ = 0 that is, when 
¢1 + 6 = 90 (See figure 7) 


RELAY TORQUE DURING DEAD PHASE-TO-PHASE FAULT 


Assuming | £,| = | Z2!,|ti| = |J2|, and d2 = ¢; + 180 


38V3K[(| E:| (| Li] ) cos (¢1 — 90 + 6) + 
(| Zi | (| Li] ) cos (¢1 + 180 + 90 + 8)] 
6V/3K( | E:| (| L:|) cos (¢1 — 90 + 8) 


Maximum torque is when ¢, — 90 + @ = 0 that is, when ¢; + 6 = 90 
(See figure 7) 


Torque 


E, (Concluded on page 113) 

: : Fig. 7. Phase angle for 
| maximum torque - 

9O0DEG I, Dead phase-to-phase fault; con- 


nections according to figure 2 or 
quadrature connections 
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Ultrahigh-Speed Reclosing 
of High-Voltage Transmission Lines 


By PHILIP SPORN 


FELLOW AIEE 


IGH-SPEED reclosing 
be of high-voltage trans- 

mission lines has been 
practiced for a number of years 
and has been described previ- 
ously.!. This method of re- 
closing has sometimes been 
termed “instantaneous reclos- 
ing.” The term ‘instantane- 
ous’ obviously admits of no 
latitude. It has always, however, been broadly inter- 
preted. As applied to reclosing of high-voltage circuits, 
as heretofore practiced, it is obviously a misnomer be- 
cause the time involved has always been appreciable, 
running into a considerable fraction of a second. In 
this paper the authors have given the name of ultrahigh- 
speed reclosing to a reclosing operation at the maximum 
speed physical phenomena, particularly are deionization, 
will permit. So far as is known, this is the first time 
that high-voltage transmission circuits have been set up 
to reclose on that basis. 


Background of the Problem 


The experience back of high-speed reclosing and ultra- 
high-speed reclosure is considerable. It has accumulated 
with the vast extension of transmission networks in the 
United States and with the experience in interruptions 
to service, particularly to industrial service, as a result 
of voltage surges or dips occurring on systems. The 
basic reason for these voltage dips was generally found 
to be the long time taken to clear faults occurring on the 
system. Going back 10 years, these times were frequently 
of the order of from 3 to 4 seconds. This long duration 
of reduced voltage, coupled with the fact that many of 
the industrial control systems were using extensively 
instantaneous undervoltage devices (instantaneous in this 
case involving times of from 5 to 10 cycles in the terms 
of a 60-cycle system) gave serious interruptions in section 
after section of the United States where transmission 
service was extensively substituted for rather short-feed 
localized generation service. The remedy adopted for 
these difficulties was two-fold. First, a reduction in time 
of relay action, and second, extensive work in the intro- 
duction of time delay undervoltage protection in con- 
nection with the control systems. The detailed methods 
for handling the problem in the latter fashion have again 
been described elsewhere.? All of these solutions, how- 
ever, had definite limitations, first because many types 
of motor drives are fundamentally not susceptible to 
time-delay undervoltage protection as a cure and, second, 
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Reclosure of circuit breakers following a fault on 
a high-voltage transmission line with a minimum 
of delay in order that synchronous load will not 
fall out of step is described in this paper. 
ratus that performs a complete operation in ap- 
proximately 20 cycles on a 60-cycle system may 
be used to obtain a high degree of service con- 
tinuity from a single-circuit transmission line. 


D. C. PRINCE 


FELLOW AIEE 


there is always the problem 
of complete loss of service 
where a single line is utilized 
to take care of the supply into 
an area or station. One of 
these difficulties has lately 
been taken care of by ex- 
tremely fast clearing of faults. 
Thus, in recent practice with 
the use of one-cycle carrier 
relaying it has been possible, even by using nothing 
more than a standard 8-cycle breaker, to get a maxi- 
mum time clearing under all conditions of 0.15 second 
(9 cycles) and under these conditions the disturbance is 
not of sufficiently long duration to cause synchronous motor 
drives to drop out of step. However, there is still the prob- 
lem of the single line which even with such rapid clearing 
of faults, of necessity, has to have a service interruption 
when the line is faulty. It is this particular problem that 
the authors and their associates had in mind and set them- 
selves to solve in the development described herein. 

In a measure this development is an outgrowth of the 
work done on high-speed breakers and high-speed relaying. 
Each of these particular developments has previously 
been described.**58 The problem posed was the attain- 
ment of a breaker reclosure so quickly that the net effect 
on load would be as if no interruption had taken place 
and no load would be lost. It is apparent that as re- 
gards lightning the same result could be obtained by the 
use of expulsion deionizing gaps. However, although 
considerable work in that direction has been carried out 
and some of it has been described,’ it is a fact that the 
experience with gaps is still rather limited. Further, the 
gap has the disadvantage that it will not take care of 
anything but lightning difficulties and there are other 
difficulties besides lightning that may cause momentary 
flashovers which can be cleared and re-established by 
sufficiently fast reclosure. Besides, since there must be 
circuit breakers on the line in any event, if these circuit 
breakers by a special reclosing provision can approach the 
service standard of a line with both breakers and expul- 
sion gaps, a considerable economic advantage is possible. 

From all this it was apparent that a thorough explora- 
tion of the possibilities of ultrarapid reclosure by circuit 
breakers was in order. An examination of the problem 


Appa- 


A paper recommended for publication by the AIEE committee on protective 
devices. Manuscript submitted October 31, 1936; released for publication 
November 21, 1936. 


PuILip SPoRN is vice-president and chief engineer of the American Gas & 
Electric Company, New York, N. Y. D.C. Prince is chief engineer, Phila- 
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indicated that the following were essential parts of the 
solution to the problem: 


1. Relaying must be provided which will locate the fault and 
communicate the trip impulse to all breakers involved in the shortest 
possible time and, if possible, in a time not exceeding one cycle. 


2. Reclosing mechanisms must be provided which will open and 
reclose the breakers in a total time somewhere between 0.25 and 
0.50 second, or a total time of somewhere between 15 and 30 cycles, 
with the chances very great of need in the direction of the smaller 
as against the larger of the 2 intervals. 


38. The circuit breaker must extinguish the arc in the least possible 
time and in a period possibly not to exceed 5 or 6 cycles. 


4. The actual arc causing the service interruption must not restrike 
when voltage is restored. 


Some of these parts of the complete solution were al- 
ready available or the facts with regard to the phenomena 
involved definitely known. Thus, it was definitely known 
that standard breakers could be obtained to operate in a 
period not to exceed 8 cycles, and special breakers in 
a period not over 3 cycles.4 Again it was definitely 
known and experience had been previously obtained with 
a relay system functioning in a period not exceeding one 
cycle. However, the problem of getting a mechanism 
applicable to a standard breaker that would reclose in a 
period of from 7 to 8 cycles, or a total period from initiation 
of fault of 15 cycles, definitely had not been solved. Again, 
although the action of the arc upon re-establishment of 
potential had been previously explored® by others, in- 
sufficient and inconclusive data was available for com- 
plete guidance to a satisfactory solution of the problem 
presented. Nevertheless, it was decided that the period 
had arrived when it was necessary and desirable to attempt 
to bring to a solution this particular problem, taking ad- 
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vantage of what was available, and developing or ex- 
ploring those parts that were unavailable from an equip- 
ment standpoint or unknown from a fundamental the- 
oretical standpoint. This paper describes the develop- 
ments thus made, the investigations both in the laboratory 
and in the field, and the performance of a system of rapid 
circuit interruption and ultrahigh-speed reclosing. 


Carrier Current Relaying System 


Choice of relay equipment was determined by the de- 
sirability of high-speed operation combined with nearly 
simultaneous energization of the trip circuits of the break- 
ers at each terminal. Carrier-current relaying is the only 
practical system which provides high-speed operation for 
any fault at any location on the circuit being protected.® 
When it came to a decision as to the type of carrier to be 
employed, one was confronted with the fact that as a 
matter of plain arithmetic a one-cycle system was almost 
essential. Thus, if 6 cycles is allowed for arcing and 
8 cycles is permitted for reclosure after the arc has been 
extinguished, the total time available for relaying, if 
the total time of 15 cycles is to be adhered to, is only one 
cycle. It was obvious that if a larger amount of time 
was satisfactory for reclosure, some leeway was available 
in the relaying time but the one-cycle system, if prac- 
tically available, was ideally suited for this problem. 

The one-cycle relaying system utilized here has been 
previously described®* as can be seen by reference to such 
previous data. The trip circuit is normally held open by 
the receiver relays and it is closed only by the dropping 
out of these relays when no carrier signal is received. 
Since the relays controlling the trip circuits at both ends 

are simultaneously de-ener- 
gized by the stoppage of the 
carrier signal, the actual clos- 
ing of the trip circuits will occur 


RECEIVER at nearly the same instant. 
FEAgE Because of the importance 
RECEIVER that the relaying plays in the 
RELAY 


entire scheme, it may be per- 
tinent to review the salient 
parts of the relay scheme, their 
function and _ performance. 
Figure 1 shows the funda- 
mental scheme and involves in 
essence the following equip- 
ment: 


1.” Receiver Relay. Thisisa polar- 
ized relay having a field winding 
and an operating winding arranged 
to be energized either from the 
local battery circuit or from the 
received carrier signal. The relay 
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Fig. 1. High-speed carrier- 


current relay circuit 
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Fig. 2. Schematic diagram of ultrahigh-speed reclosing mechanism for oil circuit breakers 


will close its tripping contacts when de-energized and hold the trip- 
ping contacts open normally when excited from the battery circuit 
and during fault conditions when excited from the received carrier 
signal. The relay will close its lockout contacts when energized 
and hold them closed normally when excited from the battery circuit 
and during fault conditions when excited from the received carrier 
signal. 


2. Fault Detecting Elements. Three for phase faults, these being 
of the impedance type, that is, having a current operating winding 
and a voltage restraining winding, and one for ground faults having 
only a current winding. All of these fault detectors were equipped 
with 4 independent contacts for performing the following functions: 


a. A circuit-opening contact for starting carrier by the removal of 
the grid bias. 

b. A circuit-opening contact for disconnecting the receiver relay 
coil from the local battery supply. 

c. A circuit-opening contact for removing voltage restraint from 
the directional relay. 

d. A circuit-closing contact which is in series with the receiver 
relay contact and the tripping circuit. 


3. Directional Relay. This is the polyphase type, having voltage 
restraint. This relay is of the new induction cup type, giving it 
greater speed than was obtainable with previous types of power 
directional relays. 


4, Lockout Relay. This is a time-delay circuit-opening and circuit- 
closing auxiliary relay of the plunger bellows type which is adjusted 
to give a time delay of 5 cycles in opening or closing its contacts. 


The sequence of operation is comparatively simple and 
may be described briefly as follows: Under normal con- 
ditions the directional-relay contacts are held closed by 
voltage restraint, applying plate voltage to the trans- 
mitter but the transmitter does not operate because of 
the normally closed contacts of the fault-detector relays 
which apply a negative bias to the screen grid of the trans- 
mitter. Further, the receiver-relay contacts are held 
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open by the closed contacts of the fault-detector relays 
energizing the receiver-relay coil from the station battery. 
In case of an internal fault the directional relays will 
operate to stop the transmission of carrier at both ends of 
the line. When the carrier from both ends has been 
stopped then the receiver relays are de-energized and 
they both drop out, completing the trip circuits. The 
receiver relay operates in an average time of 0.35 cycle. 
The directional relay opens its contacts in an average time 
of 0.40 cycle so that the fundamental fastest time possible 
is approximately 0.75 cycle. Some variations on either 
side of that value are obviously possible. On an external 
fault one of the directional relays on the end where power 
is flowing from the line into the bus will permit the carrier 
signal to be maintained, thereby preventing tripping. 
The function of the lockout relay is to open the trip 5 
cycles after the circuit-closing contacts of the fault de- 
tector have closed to prevent false tripping on a through 
fault as the result of sudden reversals of power flow and 
also to prevent tripping in case of system instability. 


Tripping and Reclosing Mechanisms 
and Circuit-Breaker Operation 


Most standard mechanisms require about 0.5 second 
to close the circuit breaker. Reclosing mechanisms have 
been made providing an over-all time of this order by 
connecting 2 mechanisms together through a walking 
beam. One of the 2 mechanisms is at all times at rest 
with its latch reset. When tripped the circuit breaker 
opens until the energized mechanism builds up enough 
force to overcome the opening springs and momentum. 

It was obviously necessary in this case to secure a much 
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higher speed than was obtainable in this way. Accordingly, 
a spring-charged mechanism was designed to take the 
place of one standard mechanism in the teamed arrange- 
ment. This mechanism is shown schematically in figure 
2. A standard motor mechanism operates on one end 
of the main walking beam to the center of which the 
circuit-breaker linkage is attached. For ordinary switch- 
ing operations and for the second opening should a flash- 
over re-establish or repeat, this mechanism functions in a 
normal manner. The spring mechanism of the stored- 
energy type has 2 sets of springs; one set to reinforce the 
breaker opening springs, the other set to close. This 
mechanism when charged performs an opening and closing 
operation, its normal position being closed. 

The spring mechanism has a high-speed latch of the 
flux-shifting type which operates with the opening springs 
to give a contact parting time of from 2.5 to 3.5 cycles. 
After the contacts have moved 8 inches a link attached 
to the opening mechanism trips the auxiliary opening 
springs and releases the closing springs. These then re- 
close the breaker. Figures 3 and 4 are views of the 
mechanism and an ultrahigh-speed breaker installation, 
respectively, which give an excellent idea of the size. 

During the reclosing stroke the tripping circuit is trans- 
ferred to the motor mechanism so that a permanent fault 
will be tripped off at once. As adjusted for test, one of 
these mechanisms gave an over-all time from initial trip 
impulse to contact make of 15 cycles. It proved rather 
difficult to hold this fine adjustment throughout so that 
the service record aimed at was much nearer 18 cycles. 
A typical calculated travel record is shown in figure 5. 


It may be noticed first that the total time from the instant 
of energization of the trip coil is 16 cycles: taking relay 
time at one cycle, this gives a total time from initiation of 
fault of 17 cycles. Second, the mechanism once started 
on a tripping cycle is definitely set for reclosure upon the 
completion of 8 inches of stroke without waiting for arc — 
extinction. This definitely meant that the circuit breaker 
had to be reliable to the point where it would extinguish 
the arc on the completion of the allowed stroke, that is, 
8 inches, with enough to spare for the tripping relays to 
reset. As will be brought out later, this was accomplished 
in general very successfully. 


Basic Ideas Underlying 
Ultrahigh-Speed Reclosing 


As previously pointed out, one of the essential parts of 
the solution of the problem of ultrarapid reclosing was the 
necessity for the actual arc causing the service interrup- 
tion not to restrike when voltage is restored. The usual 


“fault against which protection is sought is a lightning 


stroke. The circuit in this case cannot be re-energized 
until the ionization produced by the stroke has been 
dissipated ‘enough that the restored voltage may be with- 
stood. This time was investigated in both field and 
laboratory tests. Griscom and Torok’ have made a 
series of such tests, varying the current from 800 to 1,500 
amperes and the voltage from 66 kv to 130 kv with the 
spacing of electrodes from 12 inches to 93 inches. They 
concluded that: 


1. The restriking of arcs is a random phenomenon. 


Fig. 3. Ultrahigh-speed circuit-breaker reclosing mechanism 
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Fig. 4. A 132-kv installation of the ultrahigh-speed 
reclosing breaker 


2. The probability of restrike increases with operating voltage for 
spacings ordinarily used. 


3. The probability of restriking is only slightly affected by large 
variations in current. 


4. Fora given recovery voltage above a certain spacing, the proba- 
bility of restriking is but slightly affected by the spacing of elec- 
trodes; below this value, spacing plays an important part. 


The restriking times found by Griscom and Torok 
vary from about 1!/2 cycles at 66 kv to a little over 3 
cycles at 130 kv. The authors made some preliminary 
tests in 1935, under conditions similar to those used by 
Griscom and Torok but with currents of the order of 
5,000 amperes, from which a probable restriking time of 
nearly 5 cycles resulted. These tests seemed to indicate 
that insufficient current range had been used in the earlier 
tests. Several other variables seemed to require attention, 
including velocity of wind, duration of arcing, and posi- 
tion of gap. In addition to these, the weatherman’s 
part in the picture had to be determined. What would 
be the practical effect of multiple strokes of lightning? 
Would field experience show a larger or smaller proportion 
of successful reclosures than obtained in fair weather 
tests? It was decided to undertake additional tests 
along 3 lines: 


1. Additional laboratory tests to further clarify the effects of 
voltage, current, distance between electrodes, wind, are duration, 
etc. 


2. Staged field tests to cross check against laboratory tests and 
determine the operation of high-speed reclosure under practical 
field conditions. 
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Fig. 5. Travel 
record of ultra- 
high-speed 

mechanism 


A—Trip impulse of 
9.4 cycles until con- 
tacts part 


STROKE — INCHES 


B—Contects part to 
make 8-inch stroke 
during 13.4 cycles 


4 8 l2 16 
TIME — CYCLES 


10-6" DISC 
INSULATORS 


TRANSFORMER 


=— ARC ESTABLISHED 
BY #26 B&S WIRE 


Fig. 6. Circuit used for laboratory tests 


38. An extended field-operation test to determine from experience 
the service improvement possible with high-speed reclosure. 


Laboratory Tests 


The method employed in the laboratory tests is in- 
dicated in figure 6. A fine-wire fuse is suspended be- 
tween the ends of an insulator string, arcing horns, or other 
electrodes. The arc is drawn by closing a 20-kv circuit 
through this fuse. The fuse is quickly vaporized. The 
20-kv circuit is then opened and after a time another 
circuit of higher voltage is closed. Some 300 tests have 
been made from which some conclusions seem justified, 
while others are in doubt. Figure 7 is a chart and table I 
is a summary of all the tests made. On the chart, 
crosses indicate a restrike and circles an absence of re- 
strike. A line is drawn from the cross representing the 
longest restriking time to the circle representing the 
shortest non-restriking time. The center of this line 
should represent 50 per cent probability: of restriking. 

Any conclusions drawn are subject to modification as 
more experimental evidence becomes available. 

In the meantime, the data on the chart and table may 
be examined to determine different tendencies. As a 
matter of probabilities, one may conclude that: 


Restriking times are longer with a high-current arc. 
Restriking times are longer the longer the arc is sustained. 


Restriking times are longer in still air. 


ite haces Saas 


Moderate changes in electrode form, spacing, and location of 
are are not important although a wider range might disclose differ- 
ences as in 1, 2, and 3. 


5. Restriking times vary from 2!/; to 12 cycles. 


The line of development which would give a minimum 
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outage time should combine high-speed tripping to give 
short fault duration with high-speed reclosing. 

If reclosing is to be at a long enough interval to give 
little probability of a restrike, voltage must not be applied 
to ine line for about 12 cycles after the arc has been in- 
terrupted. With an 8 cycle breaker this gives 20 cycles 
for the over-all reclosure time. At the other extreme, 
reclosure after 2'/2 cycles will be successful sometimes. 
If a flashover is caused by multiple lightning strokes, 
some reclosures longer than 20 cycles over-all may still 
be followed by restriking. For that reason, the final 
limits will not have been determined until after a con- 
siderable period of experience under actual service con- 
ditions. 


Field Tests 


The actual installation of ultrahigh-speed reclosing 
breakers was made on the 59.2-mile 132-kv line between 
the Fort Wayne, Ind., station of the Indiana & Michigan 
Electric Company and the Deer Creek (Marion) station 
of the Indiana General Service Company. High-speed 
reclosing mechanisms of the type described herein were 
installed on the breakers at both stations. One-cycle 
catrier-current relaying was employed on the line for 
fast and simultaneous tripping of breakers at both ends 
of the line. Automatic high-speed oscillographs were 
installed at both stations to determine the performance 
of the breakers under actual operating conditions. As a 


3 i0 
Daenergized 


Interval —~— 


preliminary to long-time test operation, a series of com- 
plete tests was made on May 17, 1936, and another on 
June 14, 1936, the object being not only to test thoroughly 
the performance of the assembled equipment but to 
ascertain, if possible, the likelihood of successful perfor- 
mance under actual operating conditions and the actual 
time to be used as the reclosure interval for such long 
time tests. 

In all, 35 reclosure tests were made. A tabulated 
summation of 20 of these tests is indicated in table II. 

Tests 1 to 4 illustrate the normal performance of the 
breakers and relays for an internal phase-to-ground 
fault. The carrier-current relays operated within from 
0.70 to 1.00 cycle after the inception of the fault to 
energize the trip circuits of the circuit breakers. The 
line was completely de-energized from 5.3 to 7.2 
cycles later and remained so for a period of from 10.7 
to 12.0 cycles before being re-energized. The total time 
from the initiation of the fault until the reclosing of the 
last breaker was from 21.0 to 21.8 cycles. On all of 
these tests the line was re-energized without restriking of 
the arc. 

Tests 5 to 7 show the performance for internal phase- 
to-phase faults not involving ground. Here it will be 
noted that in 2 of the tests the arc was restruck after 
the line was energized. The line was de-energized for 
periods of from 11.5 to 14.1 cycles, and the test where the 
line was de-energized for 14.1 cycles was the only case 
where the arc did not restrike after energization of the line. 


Fuse on] Approx] Approa|Reest. 
5 “Lee or |Duration|Current| Voltage 
Wind Side}lut Fautt}init Fault} KV 
of String] Cycles |Ampere 
% 4-7 
8 


fe Jes) 


ON § 00220922800 


© PPS SSOO0 CEO 


foe) 


il 


Cycles 


Fig. 7. Chart of laboratory reclosing tests on insulator string for tendency to restrike versus de-energized interval 


Crosses indicate arc re-establishment; circles indicate no arc re-establishment 


* Insulator string suspended horizontally 


+ Supplied by 2 transformers at 120 degrees, each supplying 80 kv, common point grounded 
§ Wind velocity not recorded; believed to be about 15 miles per hour 


Position of fuse wire changed from test to test 
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Table II—Summary of Field Tests on 132-Kv Ultrahigh-Speed Reclosing Oil Circuit Breakers; Fort Wayne-Deer Creek Line, May 17 and June 14, 1936 
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* Light face indicates time a.m.; bold face indicates time p.m. 


In test 8 an internal phase-to-phase-to- 
ground fault was applied. Here the line was 
de-energized for 13.3 cycles and the line was 
re-energized without the arc restriking. 

Tests 9 to 13 were made to determine the 
minimum time that the line could be de- 
energized on an internal phase-to-ground fault 
without the arc restriking upon energization 
of the line. This was accomplished by in- 
tentionally delaying the tripping time of the 
breaker at Deer Creek station by inserting a 
time-delay auxiliary relay in the trip circuit. 
It may be noted that the minimum time the 
line had to be de-energized averaged approxi- 
mately’ 6.0 cycles in order to prevent the arc 
restriking. In test 13, voltage was reapplied a 
second time when the breaker at Deer Creek 
station finally reclosed. The dead time in the 
second interval was only 2.0 cycles. 

Tests 14 to 20 were made to determine the 
performance of the reclosing equipments on a 
single tie line between 2 systems (not other- 
wise connected in parallel) with varying 
amounts of load transfer over the tie line. 
The system arrangement used on these tests 
represented a single 132-kv tie line approxi- 
mately 340 miles long between the 2 generating 
stations. 

With load transfers up to 28,000 kw over 
the tie line, the breakers and relays performed 
satisfactorily to hold the 2 systems in syn- 
chronism upon reclosure. With load transfer 
up to 40,000 kw over the tie line, the breakers 
reclosed satisfactorily at both terminals of the 
tie line but the operation of the relays re- 
tripped the breakers. Figure 6 shows 38 oscillo- 
grams taken at Fort Wayne station for tests 
4,7, and 15, respectively. The top oscillogram 
is for test 4 from which it will be noted that 
the directional relay contacts opened after 
0.50 cycle, that blocking was removed in 0.60 
cycle, and trip circuit energized in 1.0 cycle 
after the inception of the short circuit. Fault 
current was 300 amperes, primary current, and 
was interrupted in a total time of 6.3 cycles. 
The breaker contacts reclosed in 17 cycles, 
total time, or 16 cycles after the trip circuit 
was energized, as indicated by the oscillations 
in the current element. The point where the 
breaker contacts reclose can also be determined 
from the top oscillograph element which is 
attached to a travel recorder and gives the 
mechanical position of the breaker contacts 
throughout the operation. 

The middle oscillogram is for test 7, which 
was a phase-to-phase short circuit in which 
the are restruck. The relay operating time 
was somewhat faster in this case, the direc- 
tional-relay contacts opening in 0.4 cycle, 
blocking being removed in 0.5 cycle, and the 
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Fig. 8. Oscillograms of field tests 
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trip circuit energized in 0.7 cycle. Fault current was 750 
primary amperes and was finally interrupted in a total 
time of 7.7 cycles. The breaker contacts reclosed in 19.3 
cycles and this time the arc was re-established. In this 
case the top element of the oscillograph was connected 
to a potential transformer on the line and hence shows 
directly the total time the line was de-energized, which 
was 11.6 cycles. 

The bottom oscillogram is for test 15. This was a 
single phase-to-ground fault with the systems out of 
parallel during the time the line was open. The relay 
operating time was 0.9 cycle for the directional relay 
contacts to open, 1.0 cycle for the blocking to cease, and 
1.2 cycles before the trip circuit was finally energized. 
This slower relay time was probably due to the low fault 
current, which was only 230 primary amperes at the 
beginning of the fault. The fault current was interrupted 
in 8.1 cycles and the breaker reclosed 19.6 cycles after 
the fault began. The line was de-energized for 11.5 cycles. 
The angular displacement between the 2 systems was 
41 degrees at the instant they reclosed. This was meas- 
ured by connecting an element of the oscillograph so 
as to measure the vector difference between the voltages 
of phases one on the 2 systems. The oscillograph element 
measuring fault current measured ground current and 
hence does not show the original load current or the in- 
rush of current which occurred when the line was reclosed. 


Field Experience 


Since the installation of the ultrahigh-speed reclosing 
equipments on the Fort Wayne-Deer Creek line in May 
1936, there have been 4 lightning flashovers on this line. 
In all 4 cases, the flashover occurred between phase 3 and 
ground. The average time that the line was de-energized 
was 13.0 cycles. In 3 cases the breakers at both ends of 
the line tripped and reclosed within a total time of 22.0 
cycles without the arc restriking. In one case, the break- 
ers failed to stay in after reclosing because the arc restruck, 
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GRDAC AMPS — 1165 a 


“LINE DEENERGIZED 
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which is believed to have been caused by a multiple light 
ning stroke. Figure 9 shows an oscillogram taken at Dee 
Creek station for a flashover from phase 3 to ground 
caused by lightning that occurred at 8:59 a.m. on Augus 
28, 1936. The fault current was 1,165 amperes, primar 
current, and was interrupted in total time of 6.0 cycles. 
The breaker contacts reclosed in 22.5 cycles total time o 
21.5 cycles after the trip circuit was energized. The line | 
was de-energized for a period of 12.5 cycles. From the 
elements measuring the 3 phase-to-phase bus voltages, i 
may be seen that the fault was a flashover from phase 3 to: 
ground. 


Future Possible Applications 


It is, of course, extremely difficult, nor is it well within 
the province of a paper of this sort, to predict the course a. 
development of this type will take. Even more difficult 
is the problem of indicating with so little experience avail- 
able the possible immediate application. One thing, 
however, is certain, on lines forming part of extensive 
transmission networks and particularly where loads of 
appreciable magnitude are carried, if lightning is at all a 
factor it ought to be found economically extremely attrac- 
tive to equip the 2 ends of any lines of that sort with 
mechanisms of the type described to make possible ultra- 
rapid reclosing on any lightning outage. As a matter of 
fact, on the power system with which one of the authors is 
associated, 2 such lines in addition to the one described are 
now being so equipped. 

The application of ultrahigh-speed reclosing, the authors 
believe, may eventually make possible in some instances a 
reduction in the investment in transmission lines now re- 
quired to give uninterrupted service to large industrial 
loads. That is, the duplicate line may, with the further 
development of this idea, give way to the single line with 
the possibility of giving as good service with the single 
line as can be given with the multiple feeds now used. 

(Concluded on page 100) 
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Fig. 9. Oscillogram of operation resulting from lightning 
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Pole Flexibility as a Factor in Line Design 


By HOWARD P. SEELYE 
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LTHOUGH it is cus- 
tomary, in designing 
a structure for sup- 
porting overhead lines, to 
consider a pole as a rigid 
strut, there are situations 
where this assumption leads 
to considerable error. The 
processes whereby the flexi- 
bility of the supports can be 
taken into account are by 
no means obvious. 

In certain cases, which 
are not at all infrequent in 
practice however, the neg- 
lect of this inherent characteristic of the materials 
will lead to unnecessary strength in some parts and in- 
sufficient strength in others. It is the purpose of this 
paper to point out some of these cases, to discuss 
methods by which this effect may be determined, and 
to indicate how these may be applied to the develop- 
ment of working rules and charts which can be applied 
to field problems with sufficient accuracy for practical 
purposes. 


Typical Cases in Which 
Flexibility Is of Importance 


As a simple illustration of the effect of pole flexi- 
bility, consider a line dead-ended on a pole which, 
for some reason, cannot be guyed. A common prac- 
tice in such a case would be to guy the next-to-last 
pole, either to an anchor or to the end pole itself, 
holding the greater part of the conductor tension on 
the guyed pole. The conductors in the end span 
are then slacked off to reduce the tension to an 
amount which will not exceed the allowable load on 
the unguyed pole under the heaviest condition of 
loading which is anticipated (see figure 1). If it is 
assumed that the total dead-end tension of the 
conductors must be held by the guy on pole A, that 
guy will be made unnecessarily strong, since part of 
this load is balanced by the tension of the conductors 
in the end span. If, on the contrary, the end pole B 
is considered rigid, and full allowance is made for the 
guying effect of the conductors in the slack span on 
this basis, the load assigned to the guy will be too 
small. This is evident when the actual effect of the 
flexing of the pole B is considered. As the load 
on the wires (wind and ice) increases, the tension in 
the end span would tend to increase. This increase 
in tension applied to pole B will cause it to deflect 
toward pole A. This, in turn, will increase the sag 
in the conductors, tending to reduce their tension. 
Equilibrium is reached when, under the assumed 
loading conditions, the sag in the conductors is just 
sufficient to produce a tension which will deflect the 
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Poles are ordinarily considered as rigid 
struts in designing structures for supporting 
overhead lines, even in situations where 
they are not restrained by guys and it is 
known that movement takes place under 
variation in loading. 
out the importance of making allowance 
for this factor under certain conditions 
and gives the theory and practical methods 
for its solution. 


MYRON ZUCKER 
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pole an amount necessary 
to produce that sag. The 
tension in these conductors 
will naturally be less than it 
would be if pole B were 
rigid, hence the load ac- 
tually held by the guy must 
be more than would be in- 
dicated by a calculation 
based on the assumption of 
rigidity. However, the 
strength necessary in pole 
B will be appreciably less 
than would be required if no 
deflection occurred. 

Figure 2 shows a dead-end pole guyed to an un- 
guyed stub, with a guy on the pole ahead. Here the 
deflection of both pole A and the stub, acting to- 
gether, affects the conductor tension in the end span 
and allowance must be made for it if the sizes of 
pole 5, the stub, and the 2 guys are to be accurately 
determined. Such a situation is frequently en- 
countered in alleys in Detroit, wherein the stub is a 
telephone pole subject to joint use. Consideration of 
flexibility allows an appreciably smaller class of 
pole to be used for the stub than would be required 
under the usual assumption of rigidity. 

Figure 3 shows a short run between 2 dead-end 
poles. Considering flexibility, it may be feasible to 
leave both poles unguyed, if guying is difficult. Fig- 
ure 4 shows an unguyed angle in the line with the 
adjacent poles guyed. Here the effect of deflection 
is somewhat different due to the angle, but it can 
sometimes be used to advantage in determining the 
size of the corner pole and the guys. Figure 5 shows 
a street lamp supported on a span wire. Allowance 
for the reduction in stress resulting from pole flexi- 
bility may make guying unnecessary. 

There are other similar situations wherein the 
allowance for flexibility will serve to give a better 
and more economical design, but these are typical 
and will serve to illustrate the problem. 


This paper points 


General Method of Solution 


The general method of attacking the problem of 
making proper allowance for pole flexibility may be 
indicated by reference to the simple case shown in 
figure 1. The movement of the pole under a varying 
applied force, such as the tension in the wires, may be 
plotted in the form of line B in figure 6. The rela- 
tion between the tension in the wires and the span 
length or the change in span length (that is, the pole 
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movement) may also be plotted in the form of curve 
A in figure 6. The point at which these curves 
intersect gives the solution at which equilibrium is 
reached, that is, the tension which is just sufficient 
to move the pole an amount which will sag the wire 
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Fig. 1. Dead end on unguyed pole 
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Fig. 2. Dead-end pole guyed to unguyed stub 


sufficiently to produce that tension. This is the 
basis of the methods followed in this study. 

Two methods will be described. The first is an 
elaboration of the general solution by the plotting 
of the 2 curves just discussed. This is accurate 
within the limits of accuracy of the methods used 
in determining tension-span relations but is some- 
what cumbersome for general application to a variety 
of problems. The second method, which is more 
convenient to use, introduces several approxima- 
tions, the errors involved being relatively insignifi- 
cant, however. 


Exact Solution 


Pole Characteristic. The derivation of the curves 
shown on figure 6 requires some explanation. In 
order to plot curve B, the relation between the flexure 
in a pole and the applied force must be determined. 
The theory for calculating this characteristic for any 
given pole is shown in the appendix. A ‘‘deflection 
constant” is derived which gives the number of 
pounds of applied horizontal load per foot of deflec- 
tion, the butt being held fixed. It is recognized that 
in some cases there may be a movement of the pole 
in the ground which will add to the effect of its flexure. 
Allowance can be made for this in choosing the deflec- 
tion constant if its magnitude is known. Since this 
quantity is indeterminate, however, and the data 
which are available are meager, and also since it is 
practicable to support the pole by blocking or concret- 
ing against any considerable foundation movement 
under the loads considered, the effect of such move- 
ment has beenignoredinthis paper. Thisrelationship 
is assumed to be reasonably constant throughout an 
ordinary range of loading, within the elastic limit, 
hence the stress-strain curve (and curve B of figure 6) 
isa straight line. The slope of the line is equal to the 
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deflection constant p. For the condition illus- 
trated, where the horizontal scale is in terms of move- 
ment from the position of initial loading, the inter- 
cept with the vertical axis (load for 0 movement) is 
T;, which is the applied load or the tension in the 
wires under the assumed initial loading conditions. 
The intercept with the horizontal axis (pole position 
at zero load) is at a negative value equal to the de- 
flection of the pole under initial conditions. The 
scale may be arranged to show total pole movement 
from the unloaded condition, if desired, in which 


J i} 


Short line with neither end guyed 


UG uu 


Fig. 3. 


Fig. 4. Plan of 
angle with corner 
pole unguyed 


UNGUYED POLE 


GUY 


case the intercept with the horizontal axis will be the | 


zero point. 


Wire Characteristic. The A curve may be de- 


rived by any of the well-known methods of deter- © 


mining sag-tension relations in a wire span. The 
Thomas chart has been found convenient for ordi- 
nary spans with copper wire. 


inforced) are used, or if greater accuracy is desired 
with copper, some of the more refined methods 
using stress-strain curves obtained by test may be 
necessary. The Thomas chart method will be de- 
scribed in the following. 

It may be remembered that the Thomas chart 
uses a curve showing the relationship between ten- 
sion and length of wire in the span. Specifically, the 
co-ordinates are a “‘stress factor’ (T/wS) equal to 


tension 


load per foot span X span 


and length of wire per foot span, (L/S) = 1, as shown 
in figure 7. For a given span S, an initial loading wy, 
per foot, and an initial sag, the initial value of 
T1/(w,S) is calculated and the value of J, found from 
the chart. From this, a quantity lp, the ‘‘unstressed 
length,”’ is derived by subtracting from /, the elonga- 
tion resulting from the tension in the wire 


h 


where A is the cross-sectional area of the wire and E 
the modulus of elasticity. The line jr, plotted on 
the chart, figure 7, is the stress-stretch line of the 
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If composite con- © 
ductors such as ACSR (aluminum-cable steel-re- — 


wire for loading w,. For a change in load to wy», 
a new stress-stretch line similar to lor is plotted be- 
tween /, and a point r’ whose co-ordinates are 
Ti/(wrS) and ly + (w/w) (1, — by). The intersec- 
tion of Jor’ with the curve at 7, gives the new value 
of 72/(w2S) and hence of T>. 

For a change in temperature, the unstressed 
length /) changes to a new length J)’ = 1,(1 + at), 
where a is the coefficient of expansion and ¢ the 
change in temperature, using the proper sign for ¢. 
The new stress-stretch line for load w, at the new 
temperature (not shown on figure 7) is parallel to 
og the new stress-stretch line for w, is parallel to 
ors. 

Determination of the effect of a change in span as 
the result of pole movement is quite similar to that 
for temperature change. The actual unstressed 
length of the wire remains the same, but, since the 
span changes, Lo/S (and hence /,) will change. If the 
pole should move so that the span will be shortened 


SPAN WIRE 


ws 
x 


Fig. 5. Street-lamp suspension with customary guys 
shown 


A—Wire character- 


istic : 
B—Pole  character- < B 
istic 
C—Pole deflection B ta 
under initial loading 9 
re 


POLE MOVEMENT OR DEFLECTION 


Fig. 6. Construction of graphic solution for flexible 
span 


one per cent, J) = Ly/S changes to Jp” = Ly/0.99S = 
l,/0.99. Thestress-stretch line through this new point 
l,"for the new span will be parallel to the one through J, 
for the same loading, since the slope of this line is 


Re ee E 
wS S 


which is independent of span length. On figure 7, 
J)"r, is parallel to Jo72, for loading we, and its inter- 
section with the curve at 7 gives the solution for 
T,/(W2Sa) and hence T, for the reduced span. 

This is the basis for plotting curve A of figure 6. 
For example, if initial conditions w;, S;, and sag are 
given, 7; and J, may be determined. The pole is 
initially deflected by 7; an amount 7)/p. If the 
pole were held fixed at that point, 7, for a new load- 
ing, W2, would be found by figure 7. This T) will give 
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the intercept of the curve A (figure 6) with the verti- 
cal axis, since it is the tension in the wire for zero 
movement. Assume a certain reduction in span 
such as one foot or one per cent, and find the corre- 
sponding 7, as herein described. Plot this as a 
second point on the A curve. Assume other pos- 
sible pole movements and find the corresponding 
values of 7,, locating other points on the A curve 
until it is completely plotted. The intersection of 
this A curve with the & line is the solution for the 
loading w,. For other loadings, such as w;, another 
A curve such as A’ in figure 6 can be similarly derived 
and the solution obtained. It should be remembered 
that the load applied to the pole is the total of all the 
wires carried, hence the A curve must represent the 
sum of all the wire tensions. Where different sizes 
are present, separate curves may be plotted and 
totaled into one combined A curve. The error is 
usually not great, however, if the combined curve 
is obtained by using the total cross-sectional area, 
loading, and tensions of all wires. 

This method, although relatively accurate and not 
difficult for a specific problem, is somewhat cumber- 
some for general use, where various wire sizes, spans, 
and loadings are being considered. The second 
method to be described is sufficiently accurate for 
most purposes and is more easily handled for a 
variety of problems. This method and the resulting 
charts will also be found useful in solving spans with 
rigid supports as well as those with flexible supports.* 


Approximate Method 


For this solution the parabolic formulas for wire- 
span relationship are used instead of the catenary 


t 
ws 


STRESS FACTOR 


lo Lo LO yy 
LENGTH UL PER UNIT SPAN =L/S 


Fig. 7. Thomas chart 


as being more convenient and not introducing serious 
error. For any wire hanging in a span, the follow- 
ing relationships exist: 

8D? 


Length of wire = L = S + — 1 
ength of wire T 35 (1) 


* Originality is not claimed for this method of solving spans with rigid supports 
since the principles are referred to in several previous publications, both in this 
country and abroad. See ‘“‘Sag Problems Readily Solved by Aid of Alignment 
Chart,” by D. C. Stewart, Electrical World, volume 96, September 20, 1930, 
page 518, and others, The detailed application here is somewhat different, 
however, and the development for flexible supports is believed to be new. 
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ws? 

Tension in wire = T = (2) 
8D 

Where 

S = span in feet 

D sag or deflection in feet 


load in pounds per foot 


Rigid Supports. For the ordinary case of rigid 
supports, the span length is fixed, hence the rela- 
tionship of equation 1 is between 2 variables, length 
of wire and deflection, the latter also being dependent 
upon loading and tension in accordance with equa- 
tion 2. On account of its elastic characteristic, the 
length of wire varies with the tension; it also varies 
with the temperature. The unstressed length of 
the wire at a given temperature, that is, its length if 
removed from the span and laid on the ground is a 
fixed quantity, however, and can be used as a refer- 
ence in determining the effect of various changes in 
conditions. The unstressed length can be obtained 
from equation 1 by subtracting from L the elonga- 
tion caused by the tension obtained from equation 2. 


jge ieee len = £ 
oe AE pe Ti 


For the present purpose it is somewhat more con- 
venient to change this to a form which is approxi- 
mately as correct: 


a (ee 
i. AE 


Substituting equations 1 and 2, respectively, 


w 


8D? 16 
oy (s+) (: -Z) 
8D? wS? 
Looe (s is = (: = =) (3) 


Equation 3 is a general expression for the un- 
stressed length of the wire for any given loading, 
sag, and temperature. The value remains the 
same for any other loading which may be imposed 
on the wire, provided the temperature does not 
change. Hence its value, determined for an initial 
loading w;, may be used to find sags and tensions for 
other loadings such as wy». 

WS? 
4 ea) 


8D? WS? 8D? 
(s+ 38 ) (: . ee a (s+ a) (: 


This expression can be solved for D, if Lo is obtained 

from w, and 1D. 
If equation 3 is expanded, the expression becomes 
8D? w53 


Omar as | 8DAE | 345 


iy = 


It will be found that the last term is of insignificant 
size compared with the others and may be dropped 
from the equation without appreciable error, leaving 


Lge eg (4) 


For convenience equation 4 may be operated 
upon mathematically by subtracting the span 
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length S (a constant for any problem with rigid 
supports) from both members and also by dividing 
both members by S. The deflection per foot of 
span, d = D/S is also introduced. This gives a 
quantity designated as e, which is the difference per 
unit span between unstressed length of wire and span 
length. 


ete s ae ae (5) 


It is possible to plot a nomograph from this equa- 
tion using as variables e, d, and (wS)/(AE) as illus- 
trated by figure 8. If the value of (w,S)/(AEZ) is 
computed for an initial loading w,, a straight line 
from that point on the left-hand scale through the 
value of initial deflection d; on the middle scale 


Ww 


Fig. 8. 
graphic method of 
solution for rigid 
or flexible span 


Nomo- WSorWS 
Nay SaaS A 


TEMPERATURE | 
SCALES 


SS 


= 
en 


intersects the right-hand scale at the value of e. 
Since é is constant (for a given temperature) another 
straight line from e to the calculated value of 
(w2S)/(AE) for a new loading w, will give a new de- 
flection d,, from which the new tension can be com- 
puted from the formula 


c= = (6) 
A change in temperature changes the unstressed 


length, Lo, to some new value Ly (1 + at) where 


temperature coefficient of expansion 
change in temperature in degrees, positive for a rise, negative 
for a fall 


a 
t 


I il 


If Lo has been determined for given initial condi- 
tions including temperature 4, Lo’ for some other 
temperature f, will be 


Tog = Lo[1 + ar(te — 11) ] a 1S. -f- Loat 


Since the length Lo is not greatly different from the 
span length S, no appreciable error is introduced 
if the last term is written Sat. 
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0.001 


0.002 


0.003 


0.004 


0.005 


0.006 


0.007 


0.008 


0.009 


SCALE A 
° 
S 
ro 


0.011 


0.012 


0.013 


0.014 


0.015 


0.016 


0.017 


0.018 


0.019 


0.020 
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0.0002 


0.0003 


0.0004 


0.0005 


SCALE B 


0.0006 


0.0007 


0.0008 


0.0009 


0.0010 


CHANGE e 
FOR TEMPERATURE CHANGE 


0) 
COPPER 0.0000096 PER DEG F 60°, 
120 


e) 
STEEL 0.0000063 PER DEG F 60° 
120° 


SCALE B 


Fig. 9. Working nomograph fore = 3 d?— ate ors hs 


fo) 


Use corresponding scales for We and d (both scale A or both 
scale B) 
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- 0.05 


-0.04 


-003 


-0.02 


-0.0! 


+0.0! 


+0,02 


+0.03 


+0.04 


+0.05 


95 


Introducing this quantity into the equation for e, 
e’ =e-+at (7) 


If e has been determined from the chart as de- 
scribed, e’ can be found by adding or subtracting the 
quantity at. This may be done graphically, if de- 
sired, by using a small supplemental scale on the 
chart which shows a? for any value of ¢. 

The value of d.’ and hence 7,’ for the new tem- 
perature, ¢,, can now be obtained from the chart as 
before, since the chart solves the equation 

8 1 wS 


(eee ON Ss eee 


Seek Sd 


The following example is solved by a working chart 
based on the principles illustrated by figure 8, 
similar to that given in figure 9. 


It will usually be 


TELEPHONE LEAD 


eo 


POWER LEAD 


ALLEY LINE 


Fig. 10. A joint-use dead end 


found convenient to plot several of these charts to 
different scales to cover different ranges of values. 
The present example can be solved by the chart of 
figure 9 with fair accuracy but since the latter was 
intended for the flexible span problems which follow, 
another chart with a smaller range was actually 
used. 

This example is for 3 number 0 triple-braid 
weather-proof copper wires where 


Initial loading w, = 0.424 pounds per foot 
Heavy loading w» ' = 1.55 pounds per foot 
AE = 1,160,000 per conductor 


60 degrees Fahrenheit 
0 degrees Fahrenheit 


Initial temperature h 
Loaded temperature ty 


t = —60 
a for copper = 9.6 X 10% 
act = 7s X< WO 
Span = 100 feet - 
Initial wire deflection D, = 1.5 feet 

D, 
a aie 0.015 


1 
——— 0 S6l OG 1056 
AE es 


oe = 0.424 X 100 X 0.861 K 10-5 = 36.5 K 10% 


é, (from chart) = 0.000298 
e’ = e, + at = 0.000298 — 0.000576 = —0.000278 


“~ = 1.55 X 100 X 0.861 XK 107% = 133.2 K 107° 
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dy (from chart) = 0.0166 


T2 = (w2S)/(8d2) = 155/(8 X 0.0166) = 1,165 pounds per wire or 
3,495 pounds for 3 wires 


Flexible Span. If the support is not fixed, but can 
move as the wire tension changes, the span becomes 
a variable in the equation instead of being a con- 
stant. Assuming the span fixed at one end, flexible at 
the other, with a pole deflection constant of p, for any 
tension T the pole will move 7/p and hence the span 
will be shortened that amount. If the initial span is 
S, the span for any wire tension T will be S — (77/p). 

Referring to equations 4, 5, and 7, the unstressed 
length Ly) under any such conditions would be ob- 
tained by use of the actual span length S — (7/p) in 
the form 


ly Ss SS 


The quantity e is defined as the difference per unit 
of original span S, between unstressed length of wire 
and original span, since the original span is a con- 
stant. 


No appreciable error is introduced if (S — T/p) is 
changed to S in the last 2 terms, giving the simpler 
form 

Sy Oe 

3 8dAE pS 

but, since T = (wS)/(8d), 


as Sd \AB~ ps 


It may be noticed that the expression in the last 
term (1/AE + 1/pS) is a constant for a given prob- 
lem. The equation can therefore be solved by the 
chart except that the scale for wS/AE now becomes 
a scale for wS/N where 


1 
hoa oe 
i 
d 


17) 


pee 
Sees d ad N (9) 
The problem is approached in exactly the same 
manner as previously described, going from an 
initial value of (w,S)/N and d; to a value of e; adding 
the proper amount for temperature change to ob- 
tain e’; then solving for d, from (w,S)/N, and from 
d," obtaining the final tension 7,’. In calculations 
involving more than one wire, of the same or different 
sizes, in the same span, the total cross-sectional 
area, total loading, and total tension should be used 
with this method as was indicated for the more ac- 
curate method previously described. If different 
sags are used for the different wires, a ‘‘weighted 
sag’’ can be obtained from the sum of the products 
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of sag and loading for each wire, divided by total 
loading. 

The chart in figure 9 is a working chart for such 
problems. Taking as a typical example the same 
conditions used in the previous example, except for 
the rigidity of the pole, the solution is carried out as 
follows for 3 number 0 triple-braid weather-proof 
copper wires and 40-foot class 4 western-cedar pole: 


Stringiug load w, = 
Heavy loading w. = 


3 X 0.424 = 1.272 pounds per foot for 3 wires 
3 X 1.55 = 4.65 pounds per foot for 3 wires 


It is apparent by comparing these results with 
those previously calculated for the rigid span that 
if the pole B had been assumed rigid, its load would 
have been calculated as 3,495 pounds instead of 1,350 
pounds. If the tension in the normal span to the 
left of pole A(figure 1) were calculated at 2,000 
pounds per wire, or 6,000 pounds total at full load- 
ing, the guy must actually assume 6,000 — 1,350 = 
4,650 pounds instead of only 2,505 pounds which 
would result from a calculation with pole B rigid. 


AE = 1,160,000 per conductor The improvement in design is evident. 
at = —60 X.9.6 x 10° = —5.76 X 1074 
en) con Special Conditions 
stant p = 600 pounds per foot 
Initi i : ; 
es :S bite et In the early part of the paper a number of differ- 
ST ent cases were cited in which the effect of flexibility of 
dy = Fo9 = 0.015 supports was of importance. The application of 
the method of solution which has just been de- 
. Se I ne 1 — 16.954 x 19-8 Scribed to the conditions peculiar to some of these 
N AE pS — 3X 1,160,000 — 600 X 100 will be indicated. 
Ls Both Poles Flexible. The span is shortened by the 
a =»1.272 < 100 16.954 X 10=%= 0.00216 flexure of both poles under the tension 7, hence in 
ZA Bag ei computing 1/N both must be included 
e’ =e+at = —0.0174 — 0.000576 = —0.01798 1 Lai ee! 1 
SS _ => 
‘= = 4.65 X 100 X 16.954 X 10-* = 0.00788 N AE pS pos 
ds = 0.043 where p; and f, are the deflection constants of the 2 
ee = —~ _ — 1,350 pounds or 450 pound oe 
E80, StU ia a ee ee Two Flexible Poles at One End of a Span. Where 
wire the dead end is made on a pole guyed to an unguyed 
fo) 
tI S “8 
i S 
Sog is 500 
“4 © 
So & 
Te 
6, SESS 
) 7 C 
8 Me) 1000 
q * >, o <o oe? 
(oe) & e) We v 
4 SV ay © 
© O 
5 i % 
Ka © % Qe %, i500 5 
er S me A, se) 
a g g 2 4 z = 
g S % O % e 
Zz py SS os) 
3) x Few 2000 
a é = ” Z 
Ns) “0 So > % 8 
e ye SO aS a * 2 
a 605 9) hy a me 2500“ 
n cs O ~— a A 
2 $ / y ® 5 
Zz 4s, Soe ) 
3 7 /9 © ole) u 
Q Ze a 
3 ON San aie 3000 F 
< i °0 4 
P 6 is 
W So 
= 
3500 
5 AQ00 
4 “4 5 
2 4000 
(o) 4500 
Fig. 11. Simplified chart for special conditions 
initial sags approximately 2 per cent of span 6 
> = 500 for pole only; p = 2,500 for pole and stub 4500 
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stub, both enter into the change in the span caused by 
flexure. In this case, if the guy is short and tight, 
the deflection constant of the 2 poles acting together 
is equal to the sum of their individual deflection con- 
stants. 


1 1 1 


=—+ 
N AE (pi + pr) S 


The load divides between pole and stub in propor- 
tion to their deflection constants. 

External Force. Sometimes there will be forces 
other than the tension in the wire acting to bend the 
pole. An example of such a case would be a pole 


Fig. 12. Repre- 
sentation of a 

7 pole as a canti- 
lever beam 


Kc 


carrying transverse wires which are acted upon by 
wind at the same time the wires in the span have ice 
loading only. If 


F = the force thus produced on the end pole 


= the movement of the pole due to this force 


= the movement per unit of span 


Sly 


This quantity F/(pS) is a change in the quantity e 
given in the general equations. If / tends to shorten 
the span, acting only when the loading w, is on the 
wire, ¢, will be greater than e; by an amount F/(pS), 
since e represents the difference between L and S for 
any condition and either a decrease in S or an in- 
crease in L tends to increase e. 


a=at — (10) 


ps 
If e, is located on the chart for initial conditions, e 
is found by adding F/(pS) to it, and d, is then de- 
rived from é, as before. For example, in the ex- 
ample previously given, if there were an external 
force of 100 pounds acting to shorten the span at the 
time of w2 loading, 


100 
es 2 00167 

pS 60,000 

é: = —0.01798 + 0.00167 = —0.0163 


d, = 0.0451 T, = 1,290 pounds 
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Joint Use. In certain cases the pole which acts 
as a guy stub for the end pole acts also as a dead-end 
pole for telephone cable carried on a parallel lead 
(see figure 10). The tension in the messenger sup- 
porting the telephone cable changes with the load- 
ing. If telephone and power spans are of approxi- 
mately equal length, the problem may be solved 
just as if all wires were on the same poles. If span 
lengths are different, however, a solution may be 
reached by a series of convergent approximations 
as follows: Consider the loaded tension J; in the 
telephone messenger first as a constant external 
force similar to that discussed in the preceding 
paragraph. It is assumed that the initial span for 
the power wires is that obtained after 7’r is applied 
to the end pole. The equivalent deflection con- 
stant for the whole system is the same whether 77 
and Tp are applied to the same pole or to different 
poles, being equal to ~, + p, for the total tension. 
The power span is solved in the usual manner and a 
value for tension in the power wires found. Re- 
turning to the telephone span, a solution is made 
similarly except that in determining ¢, an amount 
(T. — T)p/(pSr) is added to e, to allow for the 
increase in tension in the power wires (7, — 7;)p, 
Sr being the telephone span. The resulting tension 
in the telephone messenger having thus been deter- 
mined, the power span is recalculated, increasing e 
now by the amount (J: — T1)r/(pSp) where (T2 — 
T;)r is the zncrease in messenger tension and Sp the 
power span. Successive approximations will give 
the final result, but in most cases only the first 
few steps will be necessary for sufficient accuracy. 
The following is given as an example: 


Power Span Telephone Span 
Wire 3 number 0 TBWP 202-24 cable, on 6M 
copper} strandt 

Initial load w, per 3 X 0.424 = 1.272 1.9 

foot, pounds 
Heavy loading w? 3 X 1.55 = 4.65 4.3 

per foot, pounds 
AE per conductor 1,160,000 1,757,000 
Span, feet Sp = 100 Sr = 60 
Pole 40-foot, class 4 30-foot class 2 
Deflection constant 600 1,500 

p, pounds per foot 
eq for both poles 600 + 1500 = 2,100 2,100 
ie 0.287 X 10-4 (8 wires) 0.341 1074 
Ps ee 4.16) <LO= 4.76 X 1074 
beqS — eq 
5 = 5 (45 + £) sos x 10- On OR Xa Ones 
N A Peq , 
WS 
Wr 1.272 X 5.047 X 10-4 1.9 X 5.10 X 1074 = 

= 6.42 X 1074 9.697 X 1074 

Initial deflection dj, 

feet 1.5 0.85 

dD, 
ih = 3 0.015 0.0142 
W 

Wy = , pounds 1,060, or 353 per wire 1,000 


8d, 


+ Triple-braid weather-proof. 
{ Number 24 wire, 202 pairs in cable; breaking strength of messenger 6,000 
pounds. 
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Power Span Telephone Span 


8 wiS 
4 ae (chart) —0.0048 —0.0081 
- (temperature 9.6 X 107% (copper) 6.6 X 107 (steel) 
coefficient) 
# for —60 degrees —6 X 1074 — A xalOm* 
‘=e + at —0.0048 — 0.0006 = —0.0081 — 0.0004 = 
—0.0055 — 0.0084 
oS 
7 ZUG) SK YOAV Se IO ZEST SS lO) Se Nee = 
= 23.5 X 10 21.95 < 10+ 
1 1 
— =4.76 X107>* ———— =7.94 X10-5 
gS 210,000 e 126,000 as 
Successive Approximations* 
Power Span 
1 2 3 
T, — T; 
Pi = Tir 0 —0.0008 —0.0009 
Peq Sp 
T, — T; 
pelt (a= Tr _ 4 0055 —0.0063 —0.0064 
Peq Sp 
le (from chart) 0.0340 0.0324 0.0320 
WS 
Tr; = oa 1,710 Ibs 1,795 1,820 
a T:)p 650 735 760 
Telephone Span 
1 2 3 
— T, 
Tr 0.0052 0.0058 0.0060 
beq Sr 
,9 —0.0032 — 0.0026 — 0.0024 
le 0.0384 0.040 0.0405 
[2 840 805 795 
‘T, — Ti)r —160 —195 —205 


* Proceed from column 1 under ‘‘Power Span”’ to column 1 under ‘‘Telephone 
Span,’’ to column 2 under ‘‘Power Span,”’ etc. 


Further approximations show no appreciable 
change in the tensions so the solution is 1,820 pounds 
for the power span (607 pounds per wire) and 795 
pounds in the telephone span. It is evident that 
this calculation could be shortened somewhat if, 
after the trend of the change in the telephone span is 
discovered in the first approximation, a larger 
change is assumed at once rather than the actual 
change thus found. In the table given, the first 
step shows a reduction of 160 pounds; if this were 
arbitrarily increased to 200 pounds the final result 
would be obtained in the next calculation. 


Field Application 


Although the methods of calculation and charts 
which have been presented are comparatively 
simple and easy to apply, they still involve an 
amount of calculation which would be troublesome 
in the everyday run of problems encountered in the 
field. Their chief use is for the development of 
working rules and charts which may not be gen- 
eral but may cover a range of conditions sufficient 
for the greater majority of the cases. Since there is 
so much variation in local conditions and standards 
of construction, such working rules should be set up 
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Table I—Pole Deflection Constants and Ultimate Strengths 


——== 


Individual Poles Ultimate Combinations Ultimate 
Length, Strength, Length, Strength, 
Feet Class i) Pounds Feet Class p Pounds 
aaiDie teiatete te earehes 80005 .254 4,500 DO cintecerets Lt 
25 noisy eee Qiadatt 23008 cree 3,700 SDiacices 2 } Beth Bl Veta ele al 
EER ocont Bling oe 170 Oe 3,000 
B08 casei eee PAV OLDE cect ce 4,500 
SOMentete. Dee 1,500. 3,700 QO eiasc 2 
oO exetevanars Sievert WOOF ae 3,000 Somes 4 }....3,100... 6,000 
SO sremveneta Dorcas 12007 e ee 3,700 
Boi, utente 7 Nee Sera SOOM. 2,400 EUS Reese 2 
BOs creiiiaed acai SHO ee 3,700 BO wes ss 2 } ey eseaeae oc 
BOs cae Oe 5 DI (OOK cae 2,400 
AB cin coed SD etaress 650taae 3,700 BO eta shays 2 
ET ari ae ie 450... ..2,400 Lees b } ----2150... 5,800 


for one’s own system in accordance with the com- 
binations of circumstances most often occurring on 
that system. Two examples of such specific in- 
structions will be given as illustrations. 

Study of many actual cases of unguyed end poles 
and pole-stub combinations in the Detroit territory, 
both with and without joint use with telephone 
lines, led to the working rule: 

“The initial load on an unguyed end pole or pole- 
stub combination should not exceed one half the 
ultimate allowable load.” 

This does not give actual resulting load under 
storm conditions but it does assume that a severe 
overload will be avoided and also that too much 
stress and deflection will not be placed on the pole 
under ordinary loading conditions. For pole-stub 
combinations, the criterion will be the load on the 
weaker of the 2 poles of course. 

Another chart, which is somewhat simplified for 
field use, is shown in figure 11. In preparing this 
the initial sags were fixed at a given percentage of 
span, and ordinary values for deflection constants 
were assumed. From the total heavy load per foot 
and the span length, a point on the turning scale is 
found, from which, and the initial tension, the total 
loaded tension is found. Still simpler charts for 
special conditions can be similarly prepared with a 
little study, although it must be recognized that with 
the large number of variables no very simple com- 
plete solution is possible. 


Summary 


It has been pointed out that the flexure of supports 
may constitute a major factor in the design of struc- 
tures for supporting overhead lines, and examples of 
such cases have been given. The general method of 
attacking the problem was described and 2 specific 
ways of working out the solution were given in detail. 
Simpler field rules derived by these means are also 
mentioned. These methods have been used in prac- 
tical applications and it is believed that they can be 
of considerable benefit to those who are interested in 
the careful and accurate design of their structures. 


Appendix—Determination of 
Deflection Characteristics for Wood Poles 


Assume the pole to be in effect a tapered cantilever beam, with 
the load applied at the end (see figure 12). The increment deflec- 
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tion at the load end of the beam resulting from the stress at any 
point at distance x from that end is 


Mx | Px? 


GC ony 7 Or: 


The total deflection therefore is 


Lp 
Q= S= Behe 
y aavre 
I = 0.0491 d‘ for circular cross section of diameter d 


For a taper of a per foot, 
c—0) 


5 I = 0.0491(ax + b)4 


d=ax+b 


a= 


Therefore 


L 2 
0.0491 E Cie x dx 
P 0 (ax -+ b)* 


me, 1 et 2b a b? z 
~ a?| ax Po 2(ax +b)? 38(ax + b)* |p 


Substituting for a, 


0.0491 E ots Lee — by 
P (c — b)® 3be8 
L3 
~ 3bc8 


; IE 0.0491E X 3bc? 
“Deflection constant” p = — = —————_ 


Q L’ 
= 0.1473Eb(c/L)* pounds per inch deflection 


All quantities must be expressed in inches. The deflection 
constant in pounds per foot deflection will be 12 times that given 
by the equation. 

Values of E given in the 1935 ‘““‘Wood Handbook”’ of the U.S. 
Department of Agriculture are as follows: 

INortherti=white cedars... 61. ous :s isis wieis wleyaseiee © 800,000 pounds per square inch 


Westerninedtcetlany namics mares utr venue cent nie 1,120,000 pounds per square inch 
Southernlyellowspine ccs seca nie sreera eres t iene 1,800,000 pounds per square inch 
Example 


35-foot class 4 western-cedar pole 


6 = top diameter, average for class approximately 8.5 inches 

c = ground line diameter, average for class approximately 11.7 
inches 

L = length from 2 feet below top to ground line = 35 — 8 = 27 
feet = 324 inches 
us 0.1473 1,120,000 5) Ea 

p= 0 = (0, x 1,120, xX 8. 304 

= 66 pounds per inch 
66 X 12 = 800 pounds per foot 


For a pole and stub acting together, connected by a guy, the 
deflection of both is the same, hence the deflection constant of the 
combination is equal to the sum of their individual deflection 
constants. The ultimate strength of the combination is limited by 
the strength of the one which has the lower ratio of strength to 
deflection constant, since that one reaches its ultimate strength 
before the other one does. For example, 


p Ultimate Strength, Pounds 
35-foot class 2 pole 1,200 3,700 
25-foot class 1 stub 3,000 4,500 


4,500 
4,200 —— = 6,300 


4,200 
3,000 


Combination 


Table I gives deflection constants and rated ultimate strengths 
for a number of common sizes of western-cedar poles and stubs and 
some typical combinations. 
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Ultrahigh-Speed Reclosing of High-Voltag 


Transmission Lines . 


(Continued from page 90) 
In a large measure the field of application of this devel- _ 
opment will be determined, as would be expected, by the © 
additional cost of ultrahigh-speed mechanisms as against 
standard mechanisms but here the reverse is also true 
that the cost will in turn be influenced to a considerabl 
extent by the development of applications for the mechan- 
isms and by whether quantity production will be possible. 
In any event it would appear that a very definitely ne 
and ingenious tool has been made available to the trans- 
mission-system designer and operator that gives promise 
of improved service and lower costs. 


Conclusions 


The authors believe that it is perhaps premature to 
draw final conclusions as to the nature, scope, and signi- 
ficance of the development described herein and such 
was not within the limited scope of this paper, but never- 
theless it would appear that the following have been fairly 


well established: ; 


} 


1. On high-voltage lines, particularly on overhead lines, outages 
caused by lightning and possibly other outages can be materially 
reduced, perhaps to the extent of 75 per cent, by ultrarapid reclosing. 


2. Apparently the occurrence in nature of intervals between 
multiple strokes is such as to give a fortuitously happy arrangement | 
from the standpoint of possible reclosure. This, however, is a phase 
that needs not only further theoretical but a great deal of practical 
verification. 


3. While a great deal of benefit can be obtained in the reducing 
of outage resulting from phase-to-ground troubles, phase-to-phase 
troubles are much more bothersome and a great deal of additional 
work needs to be done either in the way of bringing them within 
the range of treatment that can be so successfully applied to phase- 

to-ground faults or in the direction of reducing their frequency. 7 


4. Finally, it appears that as is true in so many other cases of 
research and development, the by-product of the search for speed 
in circuit-breaker practice and speed on relay protection has given 
most fruitful results, perhaps equal to those obtained from the © 
original line of research, and promises to yield a great deal more. 
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-ightning Investigation on Transmission Lines—V 


By W. W. LEWIS 


MEMBER AIEE 


N PREVIOUS papers the 
authors have reported the re- 
sults of an investigation of 
shtning effects on transmis- 
on lines, which began in the 
sar 1926. The immediately 
‘eceding paper! gave the re- 
its for 1933 and 1934. The 
esent paper will summarize 
e 1935 and part of the 1936 
sults. The participating power companies in this in- 
sstigation are the Pennsylvania Power and Light Com- 
any, Appalachian Electric Power Company, Philadel- 
1ia Electric Company, Pennsylvania Water and Power 
ompany, Public Service Company of New Jersey, Con- 
mers Power Company, American Gas and Electric 
ompany, and the Electric Bond and Share Company. 

In the years 1935 and 1936 data were gathered by 
eans of the surge crest ammeter? on lightning currents 
tower legs and crossarms, overhead ground wires, 
yunterpoise wires and lightning rods erected at the tops 
towers. These data, together with supplementary data 
om lightning stroke recorders, surge indicators, and 
itomatic oscillographs have permitted a rather complete 
cture to be drawn of the effects of individual strokes. 
dditional mass statistics permit further confirmation of 
le theories in regard to the behavior of overhead ground 
ires and counterpoise wires. 


lines. 


ummary 


Line performance data and current and voltage measure- 
ents now at hand give a reasonably clear qualitative and 
1antitative idea of the essential elements in the line pro- 
ction problem. 
First, it is apparent from line performance data that 
rerhead ground wires reduce tripouts in the order of 20 
1. Current measurements on the ground wire have 
monstrated that it is serving as a lightning stroke ter- 
inal for many strokes which otherwise might reach the 
nductor and cause flashover. Measurement experience 
ems to bear out that the overhead ground wires also 
t to assist in reducing tower potentials for strokes to a 
wer. 
The second important element has been shown by 
easurement to be the tower footing resistance. With 
arked consistency it has been shown that when a stroke 
rminates on a tower, flashover and tripout will quite 
ely result if footing resistance is high. The product 
current and footing resistance must be below insulator 
shover for the wave shape applied if flashover is to be 
evented. 
Both the parallel and radial type counterpoise wires 


NUARY 1937 


Continuing a series of papers reporting a study 
of lightning on transmission lines, the authors 
present herewith data obtained during 1935 and 
part of 1936 on 66-, 110-, 132-, and 220-kv 
Values of lightning current are presented, 
and the effectiveness of overhead ground wires 
and low footing resistance in preventing tripouts 
is shown. 
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have been shown to be effec- 
tive in reducing the voltage 
drop at the tower footing. 
The tower-to-tower buried 
ground wire has been shown 
in one case to have entirely 
eliminated flashover of insula- 
tion at a point previously very 
susceptible to flashover. The 
radial counterpoise has been 
shown in one case to be effective for most lightning cur- 
rents when some 150 feet long. 

Simultaneous measurements of lightning currents have 
been made in counterpoise wires, in tower legs, in tower 
arms, in ground wires and lightning rods. Such readings 
have permitted the location of the general point of con- 
tact of the stroke to be known, the direction of flow of 
current from positive ground to negative cloud to be 
definitely determined, and have provided quantitative 
values of lightning current. 


Flashover on Lines 
With and Without Overhead Ground Wires 


In table VII of paper IV of this series* data were given 
as to the insulation and conductor and ground wire ar- 
rangement for 9 systems in eastern United States, ranging 
from 66 kv to 220 kv, also data as to the number of trip- 
outs on these lines for a period of years up to and including 
1933. In table I of the present paper the same systems 
are listed, with the tripout data brought up to and includ- 
ing 1935. In addition, data for the section of the Wallen- 
paupack-Siegfried line without overhead ground wires are 
given. 

Two of the lines have an almost perfect record of 0.4 
tripouts per 100 miles per year. The other lines with 
overhead ground wires range up to 2.8 tripouts per 100 
miles per year, while the one line without overhead ground 
wires had 47 tripouts per 100 miles per year, that is, 17 
or more times as many tripouts as on the lines with over- 
head ground wires. 

In table II are given the location of the flashovers which 
caused tripout on the Wallenpaupack-Siegfried line,* 
segregated with respect to the overhead ground wire 
construction and method of grounding, for the 10 years 
from 1926 to 1935 inclusive. Of the 112 faults whose 
locations are known, 108 occurred on the section of line 


A paper recommended for publication by the AIEE committee on power trans- 
mission and distribution. Manuscript submitted October 30, 1936; released 
for publication December 1, 1936. 


W. W. Lewis and C. M. Foust are electrical engineers with the General Electric 
Company, Schenectady, N. Y. 
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Table 


I—Tripouts on Transmission Lines, Data Up to and Including 1935 


—— 


Tripouts per 


: 
Average Length Footing Resist- 100 Miles : 
Line Name Kilovolts Miles of Span, Feet ance, Ohms Tripouts Years per Year 
la....Wallenpaupack-Siegfried.............-- PL RA ABO OLD OZ 36:9 Ae tatercets iets DSLOOMaaintersvenarerenaey B=OLD eieiesnsusnokehenenets TSS arereersccrersieye login o.0 OO Dia 47 
(Without overhead ground wires) 
1b.... Wallenpaupack-Siegfried............... DO ents ersten DT Siaoncenetetere DVOO at cate eninewes ae racy h oman 6.00 Oise votes seems oP OE ee rel eck EN 2.8 
(With overhead ground wires) 5-75 ** 
Bicerver Bch Roseland anircene ii eds miecrerenestarere 220 See ae sere 270 Rao L150. eects F=SO Okerwartersa esha Gils onchac perce Re RoR See oer 2a : 
Scars Siegfried-Plymouth............c++s20-- PPA en Sa auobon } AO ye caneMer necro IOs obo joan bok AO oles Ara thos-ona Pcie oes prac CS HORO.A SIO 15) ; 
Ce Seen Conowingo-Plymouth (No. 1).:.........220........-.. LYE Sty Au LE Oiscrnsae iv oheess oe BOO tenon erase Stare tears Sie oe ere 1.8 : 
Conowingo-Plymouth (No. 2).........+. 220.2. ronien va Ot say wthtardesetaye LUT Os eaieas steer SH LOO meceeanben sees Srxcscertene Phra C 1.8 
Dire crans Rioselandsbiy mouths oats tere rrr 220 sain specie TOME yvonne eirctee DO 50 cert erste as S—TOO'. cxdtetenstetersierate L eteents oir Disha setae eusvopae 2.5 
Gira Safe Harbor VW estportanmanie ss )ncicks lela! 220 aintcet oer CO: Simteners scot aye OBO oso 6 cao oor DES ino Atart 0.6 Aidt o LW) Sea gaia CC TIA BichO 0.4 
Veloso Philadelphia-Chester. ......).0.. 0220s. GG ifemncrscsrersusrers NY Santos nck er 4S Olpicieteyscrete Belowsbaemmcuesnctertre Vee shansge,e ce eiies Sin senate ens 0.4 
Seer; Greenbush-Pleasant Valley...........-. LLOR A ateete citer CEs aeteete soaarates MOD aeterla oneness 1175 draco eee ate Ti ner cit oe Ahie oe horton 2.74 : 
Des css Pleasant Valley-Millwood..........000% BS! i ocaia erento oe BOSS iss coeapeviey.cuene' foPANe Rvutecncpene treed 5800 Fie... tevou sis ehets ve 4s .Stesthjedeae EMS acy een 2.47 ; 
} 
: 


* Section with continuous counterpoise. 
** Section with radial counterpoise. 


t The location of faults causing 53 tripouts on lines 1a, 1b, and 2 were not known definitely, but these have been assigned to section with or without ground wires 


in accordance with correlated information, 


without overhead ground wire and 4 on the overhead 
ground wire section. In 7 years the section with tower- 
to-tower counterpoise had no flashovers. It is interesting 
to know that in the same section in the years 1926, 1927, 
and 1928, before the counterpoise was installed, there was 
a total of 29 flashovers. 


Relation Between Tower Voltage and Flashover 


In table III are given the data for 15 records of tower 
current exceeding 30,000 amperes, secured on the Wallen- 
paupack-Siegfried line during the years 1933 to 1935 in- 
clusive. 

It will be noted that 5 cases of flashover occurred on 
the section without overhead ground wire, and that the 
product of current and resistance in all but one case ex- 
ceeded 1,500 kv. The assigned flashover voltage’ for this 


Table II—Locations of Flashovers Causing Tripouts on Wall- 
enpaupack-Siegfried 220-Kv Line Tabulated With Respect 
to Overhead Ground Wire Construction and Method of 


Grounding 


a 


Overhead Ground Wires 


No Tower-to- 
Overhead Tower Radial 
Locatien Ground Standard Counter- Counter- 

Year Unknewn Wires Grounding* poise poise Total 
MO QO cenes sea ease aeons PS eracstetee avant: ct antohe felascraprishs- (ars tinatal tess for seaptete 15 
LOD Ties sox By echo CureO Aner okeeote Qisaiiyceaa recoil cereal tment n teat if 
1928 iiss Tl gate yoke he aes bere hae AA CISA CO Cane 8 14 
19 20% etree OH a sabes ear LOM acstsesere 1 eres O) Va eee one Sates 38 
DO SO tenner Qi as tears Lf eee Be acatke OO veraiete Ov Wetarctscer 24 
MOST, cnevete O) See nes QO epee weensvaieters Olea tanya Or centers 20 
WOS 2s Nias Erma tiers bod uric 1 OIRO OMRORG Omi aaah. « Le Gersicaee 10 
LOSS home ac PINE: Beatie I I Peace DOES Oe eren Oia Scvsens 15 
OSA A 1 cr rae T18) Siterterheoa edie Olaaeyeetatc: OP rrctetreksirs 12 
TOSS i ceeks Oe is «is DN septs: avs he aecouene Onan ianans Os Da es 13 
ehotaliesae ODORS eters whe 108; tacts: Shiver Ob wens LN) Reith ie 168 
MVEleST aoe cecteia ea) fers SOLOia vee oie euaraies we 2B ivcsreeet DDE oka eievacs 64.7 


* After the latter part of 1930 this section was equipped with radial counter- 
poise wires. 

** This necessarily includes unknown locations on the Bushkill-Roseland line, 
the probable number of which is 2. 

t Present mileage of each item. This mileage has changed from time to time 
as construction has been changed. 

t Includes diverter cable section. 
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{ Before counterpoise and ground rods installed. 


line with standard test waves is as follows: 


Units Positive Wave Kilovolts 
14 1.5x40 1,265 
14 1x5 1,565 
16 1.5x40 1,425 
16 exe V5 


An analysis of items 11 to 15, inclusive, indicates 
strokes to the towers in all cases. This analysi’ follows: 


Item 11—The stroke was confined to a single tower. All 3 phases 
flashed over. : 


Item 12—The stroke was confined to a single tower. All 3 phases 


flashed over. 


Item 13—A current reading of 4,000 amperes was obtained in the 
legs of adjacent tower WT 28-1. This tower had a footing resistance 
of 45 ohms. It is believed that the stroke hit tower WT 27-6 and 
flashed over to Y-phase conductor. This conductor was in turn 
raised in potential and flashover took place from this conductor to 
the tower at WT 28-1. 


Item 14—Only one tower was involved in this stroke, and the flash- 
over took place to 2 conductors. Current measurements were 
made on only one leg and the actual tower current may have been 
somewhat larger than estimated from the one leg reading. On 
the other hand, a long wave with low flashover value is possible. 


Item 15—Five towers were involved in this stroke and the data 
pertaining to these towers follow: 


J 
Footing Tower Product Flashed f 
Tower Resistance Amperes DSGR i Kyi Phases : 
: 
SREO= Oe ee LGA etera ees NOM Somecoces 150. eee Ww : 

SRYAGSS Minted BOR eee 29/0004 eee S107. ee eee W and Y 
GIRO a canboue eee ONO, so sage doe 1,51 One Wand X — 
SRE OMG OCU Sit icc ies W000 sch eee 240: Beolg Wand Y — 
SRO 1a LS ete 2/O00R cere 1205.0 Pee Y 7 
————E—EEs . 7 

108,000 


It would appear from this record that the stroke hit 
tower SR 9-4, causing flashover from this tower to con-_ 
ductors W and X. The surge then traveled to the on 
adjacent towers in both directions, flashing over fool 
conductor to tower. There is some inconsistency in the 
phases affected at the different towers in that the surge - 
started on W and X phases and wound up on W and Y- 
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able IIl—Relation Between Tower Voltage and Flashover, 
Wallenpaupack-Siegfried 220-Kv Line 


Overhead Footing Amperesin Product 


Tower Ground Resistance, Tower Ix R, Flash- 
em Number Wire Ohms Legs Kilovolts over Year 
i.) WT V2-8.5, 2s. SVI@S is cites WA ered St H7N0G a5 on OA aetetsts No.....1934 
ee WE 8=Bi.... WES hime anmeckerfusiers 40,000..... ZEON aes Nossa: 1933 
Bee -WT 8—4)...5., SAE bo 010 Sie areas 35,000..... SOc ere NON 1933 
Bie OR 24. cs, IVES miners LO Eemiperese 36,000..... S60) rene, INOW wot 1933 
35S ROSY 5mm aol Ue ea BYES teekNrans LO ercucueheet 38,000..... OO lsteterais INOg Ari 1933 
SU SIEESY Sa ae MES sweats WOM re recteyers 30,000..... ABOh ee.» NOR 1934 
Wie OR 4-4... MESS crime Oat reece: 30; 000m nie CGS Riera Novice: 1933 
Rees SR. IO... 5 INGE ares YAU eRe 42,000..... S40). seks INOMhsic 1933 
Da Qeeetey SaaS =. SR Now oc ZO ene 49,000..... VSO o..4 INOMesien 1934 
TO. ak 33-2..... No. TON olen cite Tires 30,800..... DE Diive sors INO% ses 1933 
MEE LS Sl Occ « No. PROS ecco 51,000 Leis O omc Yes 1933 
Pee. OR 19-3... INO mictiners AB ferent ne 40,000 Ie SOOkerrs Yes 1933 
Pee. wl 27-6... 2. No. MOS) means 36,000 251 OOM ree. as Yes 1933 
i.e 18-1... INO ee aes DOE ee tied 80/000 0.4: c. $40 240% Yes .1934 
Bowen OR -9-45.5.. No. E28" Rhee sk 54 000M hi dy lO + Yes .1935 
hases. It is barely possible that tower 9-3 was raised 


ufficiently high in potential by the flashover of phase W 
o involve phase Y in the trouble. It is also possible that 
lashover took place on Y-phase at SR 9-4 but left no 
aarks that could be detected. 

The Glenlyn-Roanoke line® of the Appalachian Electric 
ower Company is a double circuit line, approximately 65 
ailes long, with one overhead ground wire at the peak of 
he towers. It is not possible from the measuring equip- 
nent on this line to associate the point of flashover with 
particular tripout as definitely as on the Wallenpaupack- 
iegfried line. 

The Glenlyn-Roanoke line is insulated with 10 units, 
paced 4%/, inches apart, with flashover voltage approxi- 
aately as follows: 


1/,x40 positive wave—820 kv 
x5 positive wave—970 kv 


In 1934 there were 51 lightning strokes to this line. 
Tower potentials, that is, the product of tower current and 
tower footing resistance, for the towers which appeared 
to be the center of disturbance in each of the 51 strokes, 
ranged as shown in the following tabulation: 


Kilovolts Range Number 
40— 200 13 
201— 800 23 
801-1,000 5 
1,001-4,200 10 
Total 51 


In 15 of the 51 cases listed the tower potential was of 
sufficient magnitude to be in the flashover range. In 13 of 
the 15 cases a possible correlating tripout was reported. 
There were 3 other tripouts which may have correlated 
with tower potentials lower than the assigned flashover 
voltage. 

In 1935 there were 32 strokes to the Glenlyn-Roanoke 
line. Potentials of the towers which were the apparent 
center of disturbance may be grouped as follows (excluding 
3 cases in which the tower current was classified as a 
“‘trace’’). 


Kilovolts Range Number 
20-— 200 6 
201— 800 NTE 
801-1,000 0 

1,001-2,610 6 
Total 29 


Of the 32 cases there were 6 cases in which the tower po- 
tential was of the order of the insulator flashover and 6 
tripouts due to lightning occurred on this line during the 
period of measurements. 


Table IV—Range of Tower and Probable Stroke Currents in 4 Transmission Lines; 1933, 1934, and 1935 


Tower Current Probable Stroke Current 
Range W-S* G-R** SH-W-T+ P-Dt W-S* G-R** SH-W-Tj{ P-Dt 
of Current, ° Suwa te lcwodh xen % 6 Es % oe eh oS Se es 2 Bs 
Amperes g 2 z e a S ss 3} See total S 2g 3 S 2 2 g 3 2 Total 
1,000-5,000...... DOP AM eae Oey 10 Seen ete O erat Oace ot Aras cl Oncree Bat oo deh ee amen 88 te oO aya ae 2 ane O NRE Onan 1.4 Sea) SO 
5,001-10,000..... Naren rte Beer Ore SEO yew Tet Me nL tru he, 8 Sra 5, aye Di Oech Brn ee ae tte TO Gol So, Vos dk cic oles Zevon O te (mean LET 
10,001-—20,000..... 7 Saree Dern Gy tener. sO seareric ple oictisks “Avaxas aoe Le G1 Remit eccencuey i: crrciemet at OM One: she Come ay hcuetce | nan rie eins Bolg A oP ta ks Seely ocak Ley 
20,001-30,000..... ys erae Os prtten cracks Mister ted leeteces pO an herd decries ees. ale, Oaveteyss (OA ner, discs, chemicvaebsen Aa ois iis ee ran Olevnueteee Stan an: Gig taene ho renin] oe enn ES 
30,001-40,000..... DEE ARTE Sera! Maye Pee | Rompres 5 2A et Perm! bc leo 1G Seiersn Oona 8 kane tecc, (ic: cooler eeghans al ws coon iy er ec ane res ate eee 12.55. Oe 50 
40,001—50,000..... ee Oem Oita Ui iwunrsvubA vrevenn. oi ercis co ne Bi Die Fe DOR i ia Bictyenee Olteerare eit. Depens se ipneee: Ce conan ene Oi tele 35 
50,001—60,000..... | hegre ae SU) nea CaN Re ie ae mm om ll i Neen Oe Bite cley all Sears Overctens Osean Olarene cre iCerne emir rnre toes hater oe Lass 14 
COMME CUACUUn 5 o5. SeBiol crc.0 2 ei om een Gece Gases dics ime. cree Area Bits tie, Ole cyeyed Olgas ciatttarMLic vere, Olsnsmiee Ser eter cine hire yee sere 17 
“OKC SOMUOIOY 5 Ao too ipod soo) cierto OT rete Weccieu ss <n. eee Wat Outs Dianova ell ase peel Otpeuere Ole ere oatake tO cake OR eer Lae Lacey Ole 6 
DCO -OCOR + aun do Seotoemt oc ae coon OferReoah rival Sh nso agek iarenmuake savers On Onset oe Que As ORs ca Oe oe Daca) deere coats bein Oe 6 
DOOOT= LOO OOO racer cyeee wre er es racial ees Disks Guely aRcibes esagtein Ooo. en he). areca ON Pe Ao te OR wD WasaoOlcee Wirceea Okun On eee 4 
DOO OI STOO ONS 6c gt holes choise ein borcuo tro O GIG EO ClO DIC ice cucen ky Riot aeincnriCeaee ONT On ON orass crack tHe te NG, ecg Mareen ts Meyer all U6 geet tT Leer be 4 
OCOD DOO veto ced ad oc 3.0 Dido BND eOOL Um Oni Oe Guldrhy cuoaR ea aay oo Pore Lee Macey eve SPORES om ERG Sat Lie see cron cts ae Oats Ocak. OS 3 
AOU TesOM OOO haeerrerck met cay mane tet caste tar ser a nt ereuorattedey su -Patelehoclenous y cieyye tata: (ean lere> oie Des AD cakes remanence eave corey ens Bis years Ub eter emer aon oe ee OSA Ole. 5 
ROO POON 6 cago dtacomiin Cooed coo Oat cals o.6 ois choken excasccaorokaeionGrS Orn Le Dh Ashcan Made gach auiee orntabaieluns, ae deun treet ewe Pa Ea et ea Lee gk Le 5 
LO OORATRDWOOS 6 aoent be plan atin os GeO OU SOG Ouro Sm Se Ue yc abe BGG COMO OG UEC DUO OO Rio Go a-dieo cho Obie ca can oro ep - ices tease aves Auer Once, Qe 0 
rae in Nhe Me Te AR ee, MAAN cts 4. hada wn tiglnls, v ctctons, | See toad 6A as akin ee C28. Sa PRS: warns 
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Current in Towers and Strokes 


Table IV gives the range of current and the number of 
times these currents were recorded by surge crest ammeter 
for 4 systems during the years 1933 to 1935 inclusive. 

Records of 358 strokes were obtained in these years. 
The table gives data for the tower with the highest cur- 
rent where several towers are involved in a stroke, and for 
the probable total stroke current, obtained by adding the 
currents in all the towers affected by a stroke. 

Figure 1 summarizes in cumulative curves, the tower 
current and probable stroke current of the 4 transmission 
lines based on the data of table IV. 1t will be noted from 
figure 1 that although the tower currents go to approxi- 
mately 130,000 amperes, only about one per cent exceed 
100,000 amperes and about 6 per cent exceed 50,000 
amperes, also that the probable stroke currents go to 
220,000 amperes but only about 6 per cent exceed 100,000 
amperes. Of the 358 strokes recorded approximately 95 
per cent were of negative polarity, that is, top of tower 
negative with respect to bottom of tower and ground. 

The use of surge measuring instruments of several 
types, and in many cases a great number of each type, per- 
mits analysis of results on a statistical basis as well as for 
single strokes. The statistical method establishes the 
range of stroke current, voltage, and frequency of occur- 
rence, but the exact electrical mechanism of the stroke in 
the transmission structure can be established only through 
correlation of a great number of records for a single stroke. 
For instance, the single stroke surge voltage recorder 
data, obtained at a number of stations along the conductor 
resulted in the practical attenuation formula previously 
given.’ Also each cathode-ray oscillogram of conductor 
voltage when examined with accompanying surge voltage 
recorder and surge indicator data for the same stroke pro- 
vides a more complete record of the surge mechanism. 
The surge crest ammeter is peculiarly adapted to the se- 
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Fig. 1. Cumulative curves of 
tower and probable stroke 
currents during 1933, 1934, 
and 1935 on the Wallen- 
paupack - Siegfried, Glenlyn- 
Roanoke, Safe Harbor-West- 
port-Takoma, and Philadel- 
phia-Delaware lines 
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curing of a great number of current records at all parts of | 
the line structure for each stroke. . 
In figure 2 is shown a sample of current measurements _ 
in the counterpoise, tower legs, tower arms, and overhead 
ground wire. Polarity directions are indicated by the — 
arrows pointing in the conventional plus to minus direc- 
tion. The 2 counterpoise wires fed into the base of tower 
10 from the adjacent earth some 15,800 amperes. The 
longer, or 150-foot, counterpoise gathered some 120 am- 
peres per foot and this was about the same for each foot 
of its length. The shorter, or 40-foot, counterpoise gath- 
ered about 80 amperes per foot. Assuming that the long | 
and short counterpoise wires on which no measurements 
were taken also carried 15,800 amperes, a total counter- 
poise current of 31,600 is obtained. This agrees with the — 
upward current of the 4 legs which measured some 28,600 
amperes. This current flowed into the tower arms and 
into the ground wire at the tower tip, being joined here by 
about 12,000. amperes coming from the left. These 
currents together gave a crest of 33,000 amperes in the 
overhead ground wire just a few feet to the right of the © 
tower tip. As the measurement station on the ground 
wire at the left of tower 9 showed 12,500 amperes flowing 
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the opposite direction, the assumption of the stroke of contact of the stroke and gives the magnitude and di- 
) the ground wire between these 2 stations appears justi- rection of the component surge currents in the structure. 
ible. The current of the stroke is some 45,500 amperes. The overhead ground wire shields the line conductors and 
will be noted that the individual currents do not add to the counterpoise wires operate to reduce footing resistance, 
actly equal the measured sum. Two factors are im- but the high ground resistance gives a high tower poten- 
portant in this connection. First, the magnetic links are tial which causes insulator flashover. Many similar rec- 
ljusted to read crest current to 10 per cent accuracy. ords have been obtained of strokes to the ground wire 
scond, the measurement station at the right of tower 9° and occasional records indicate strokes to the conductor 
1 the ground wire showed 12,000 amperes flowing to the and to the tower. 

ght. Another stroke along the line in this direction is 

dicated, but this stroke occurred further to the right The Counterpoise 

ian tower 8, as this tower did not show any leg current 

ithin the measurable range. On the Glenlyn-Roanoke line the counterpoises are 

To the left of tower 10 the measurement station in the made of 4/15 by 1.5 inch galvanized iron strap. Two 

ound wire on the right side of tower 11’ gave a reading lengths each 150 feet long extend out from diagonally op- 

10,500 amperes. This 10,500 amperes is made up of posite tower legs and run parallel with the conductors; 

500 amperes coming in over the ground wire from tower 2 lengths each 40 feet long extend at right angles to the 

2 and some tower leg current in tower 11, which was be- line from the other 2 tower legs. The counterpoise con- 

w the measurement range of the magnetic link setting. ductors are buried approximately 18 inches under the 

he middle phase insulator assemblies of circuit number 1, surface of the ground. The counterpoise wires on 20 

wers 8 and 10, flashed over. The tower footing re- towers near each end of the line were equipped with cur- 

stance at tower 10 of 26 ohms with 28,600 amperes rent measurement means as follows: 

ywing gives a tower potential of 740 kv. At tower 8 the In 1934 one 150-foot wire and one 40-foot wire, each had 

gh resistance of 147 ohms requires only 5,000 amperes one magnet bracket installed at approximately 3 feet from 

. give insulator flashover voltage, and this value divided the tower leg. In 1935 the equipment on the short cable 

nong the 4 legs evenly gives but 1,250 amperes per leg, a was unchanged, but on the long cable 2 additional brack- 

lue below the measuring level of the magnetic links as ets were mounted at approximately 80 and 147 feet from 
stalled. the tower leg. 

Reviewing briefly this one set of records locates the point In 1935 readings were obtained in 26 cases of current at 
all 3 points on the 150-foot counterpoise. These readings 
are given in table V. In all cases but one, the polarity 

ble W—Current in Long (150-Foot) Counterpoise Wire at indicates current flowing from the free end of the counter- 

ferent Distances From Tower; Glenlyn-Roanoke 132-Kv poise toward the tower. 


Line, 1935 In figure 3 are plotted a summation of counterpoise cur- 
- rents for each of the 3 stations located along the wire. 
3 = Amperes at Indicated Distance From Tower This summation was made by arranging the data in order 
eference ower . : e ‘ 
Number Number 3 Feet 80 Feet 147 Feet of increasing current magnitudes for the station nearest 
the tower, and beginning at the lowest current adding 
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[n this case the polarity indicates current flowing from tower to free end of 
nterpoise. In all other cases current flows from free end of counterpoise Ratio of counterpoise lengths 3.75. Total counterpoise current approximately 
ard tower. Values for this reading have been omitted from the summation. —_ qouble above values. In all cases the polarity indicates current traveling from 
[. = not installed, free end of counterpoise toward tower, 
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Fig. 3. Summation of currents in 150-foot counter- 
poise wire at different distances from tower 


The figure shows that for all current levels the collection 
of current from the ground by the counterpoise is about 
the same for each foot of itslength. There seems to be an 
indication, however, that at lower currents the portion 
nearer the tower collects a greater proportion per unit 
length than that away from the tower while for the higher 
currents the remote sections gather in the greater propor- 
tion of currents. Although not brought out clearly by 
the figure, a consideration of all the data indicates that 
the 150-foot counterpoise takes care of about 10,000 am- 
peres with uniform collection of current throughout its 
entire length. This gives about 70 amperes earth current 
collected per foot of wire. Such an even ground current 
must be accompanied by good uniformity in distribution of 
earth potentials and an elimination of points of high 
earth current density and great earth potential differences, 
which result in high tower potentials. An effective utiliza- 
tion of the entire length of the counterpoise wire is there- 
fore indicated at approximately 10,000 amperes. If the 
current ranged above this value more length would ap- 
pear to be desirable, while for lower currents the remote 
end of the 150-foot wire would be of questionable value. 
On this basis 4 radial 150-foot wires would take care of a 
40,000-ampere tower current, which is considerably above 
the average in magnitude. 

In 18 cases simultaneous readings were obtained on the 
long and short counterpoise wires. In Table VI are given 
the readings in the short counterpoise and in the long 
counterpoise at the 3-foot station. Comparing the sum- 
mation of all the readings on the long and short counter- 
poise wires, we find the ratio of current in long counter- 
poise to current in short counterpoise to be about 4.3. 
The ratio of lengths is 3.75, indicating that the current 
taken by a radial counterpoise of this sort, all conditions 
being equal, is practically in proportion to its length. 

In figure 4 are plotted the ratio of current in the 150- 
foot counterpoise to the current in the 40-foot wire as 
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Fig. 4. Rela- 
tion between '6,000 
current in 150- 
foot and 40- 12,000 
foot counter- 
poise wires 
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abscissas against the current in the 150-foot counter-. 
poise as ordinates from the data of table VI. 

With these data a tendency for the higher counterpoise 
currents to give higher ratios can be noted. This again 
shows the remote section of a buried ground wire to be 
gathering in a proportionally greater amount of current 
at higher stroke currents. At some 5 to 6 thousand am- 
peres the 2 wires are carrying currents in the same pro- 
portion as their lengths. Below this value on an average 
the short counterpoise carries a greater proportional part 
and above it the longer wire carries the greater propor- | 
tion. Now, it seems to be a reasonable rule that that — 
wire will carry the most current which performs most ef-_ 
fectively in reducing earth potentials. This reduction in 
earth potentials is also the mechanism whereby the 
counterpoise serves to hold down the tower potential — 
and prevent insulator flashover. Accordingly, a reason- — 
able conclusion from the ratio data appears to be that for 
currents below 5 to 6 thousand amperes the 150-foot 
wire is more than necessary and for higher currents the 
40-foot wire too short. These considerations, of course, 
pertain to relative length and it is important to observe 
that the ratio-current magnitude trend is not clearly dem- 
onstrated by the available data. The variations in soil 
conductivity quite likely partially obscure this trend. 

Table VII shows the relation between the total current 


(Concluded on page 189) 


Table Vil—Relation Between Current in Tower Legs and 
Counterpoise Wires; Glenlyn-Roanoke 132-Kv Line, 1935. 


Total Ratio Tower 
Total Tower Counterpoise Current to 
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In all cases the polarity indicates current traveling from free end of counter-_ 
poise to tower and from bottom of tower to top, 
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Arc Characteristics Applying to Flashing on 


Commutators 


By R. E. HELLMUND 


FELLOW AIEE 


N A previous paper,! a 
method of analyzing flashing 
on commutators caused by 
imping of the brushes was 
iven. This method assumes 
aat an arc (S) is formed be- 
ween segment (a) and brush 
») when the brush leaves the 
ommutator, as indicated in 
gure 1A. This arc is likely 
) persist as shown in figure 1C after the commutator has 
1oved a certain distance and the brush has returned to 
he commutator. The method consists essentially in 
omparing during successive periods the voltage necessary 
yr sustaining the arc with the voltage induced in the 
rmature coils and existing between the are terminals. 
‘or a practical application of this method, a knowledge of 
he arc characteristics applying to the commutators is 
herefore a prerequisite, and it is the purpose of the 
resent paper to give the results of experimental investiga- 
ons of this nature. 

The data given will also be of value in investigations of 
ashing brought about by other causes. In railway mo- 
yrs, for instance, flashing is caused at times by certain 
‘ansient conditions applying when the voltage of the mo- 
yr is suddenly re-established while the motor is running 
nd after an interruption of power supply caused by sec- 
on breaks in the line, trolley bouncing, etc. Flashing 
_ further caused by transient conditions applying in 
snerators when a short occurs in the line, or in large 
iotors when there is a short-circuit in the system and the 
iotors temporarily act as generators feeding current into 
ie short. Under these various operating conditions, 
ashing is caused by an appreciable voltage being in- 
uced in the short-circuited armature coil (g) during these 
mporary or transient conditions. When, as shown in- 
sure 1B, this short-circuit current is opened because of 
gment (a) leaving the brush (0), an arc (S) is formed. 
s in the case of brush jumping, the sustaining of this 
‘c depends upon the relative values of the voltage neces- 
wy for sustaining it and the voltages existing between the 
rminals of the arc for various successive positions of 
ie commutator segment (a). Therefore, we are again 
terested in a knowledge of the arc characteristics 
ound the commutator. This case may be somewhat 
plicated by the fact that a new arc is formed on each 
gment leaving the brush, resulting possibly in the forma- 
on of a number of different arcs on the several com- 
utator segments, as indicated in figure 2 by S, Si, Ss, 
id S3;. However, a knowledge of the arc characteristics 

the individual arcs formed should prove a desirable 
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This paper gives the results of experimental 
investigations relating to arc characteristics as 
they apply in commutator flashing. 
edge of these characteristics is necessary for the 
application of the theory outlined in a previous 
paper! on flashing of commutators by the same 
author, as well as for the investigation of flashing 
due to other causes. 
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first step toward a complete 
analysis of the various tran- 
sient conditions. 

In order to study the arc 
characteristics around the 
commutator, a simple arrange- 
ment as shown in figure 3 was 
used in our experimental work. 
A number of connected seg- 
ments (a) of a commutator 
(C) were connected to a slip ring (D). A d-c voltage 
source was connected through an adjustable resistance 
(r) to the brushes (b and 0,;). Whenever the segments (a) 
are in contact with the brush (0d), current flows and is in- 
terrupted by means of an arc (S) when the last segment 
(a) leaves the brush (0). With this operating condi- 
tion, oscillograms were obtained giving the current as 
well as the voltage across the arc terminals. An example 
of these oscillograms is shown in figure 4. Tests were 
carried out with different initial current values and also 
for different speeds of the commutator. From an analy- 
sis and careful scaling of these oscillograms, curves 
such as shown in figures 5 and 6 were derived for a num- 
ber of different speeds of the commutator. 

The results for only 2, but widely different, speeds are 
given in these 2 figures. The full-line curves show the 
relation between are current and are voltage as scaled 
directly from the oscillograms. The test points thus ob- 
tained and entered in the figures gave in most cases rather 
smooth curves, which is to be expected because of the 
fact that the oscillograms gave rather smooth curves, as 
indicated in figure 4, and were void of erratic irregularities 
frequently encountered in connection with are phe- 
nomena. Whatever discrepancies do exist are due es- 
sentially to difficulties in scaling the oscillograms, some 
of which were not taken on as large a scale as that of 
figure 4. It was furthermore observed that in spite of the 
widely diverging speeds at which these tests were made, 
the solid-line curves of figures 5 and 6, when compared 
for an equal initial current, did not vary appreciably from 
each other for different speeds. In considering all the 
curves drawn, it is difficult to find any marked tendency of 
variation with speed in one direction or another in the 
solid-line curves. Further analysis revealed, however, 
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that with a given current, a certain arc voltage corre- 
sponds to different arc lengths with different operating 
speeds. By means of the timing curves taken with 
the oscillograms, it was possible to calculate the arc 
length corresponding to any test points. This was done 


Figat: 


Illustration of arc formation prior to 
flashing on commutators 


and the points entered in figures 5 and 6 corresponding to a 
certain arc length were marked by like designations; 
thus the dotted-line curves each corresponding to a given 
arc length, as indicated, were obtained. 

The agreement of the test points with the dotted-line 
curves is not quite so good as with the solid-line curves, 
nevertheless the consistency of the results is quite re- 
markable, taking into consideration the usual difficulty 
in obtaining consistent results with arc phenomena. The 
reason for this seems to be that in these tests the condition 
of the air currents near the arc was more or less definitely 
established by the nature of the air film carried around 
near the surface of a rotating cylinder for any given 
speed. Usually arc phenomena tested in open air are 
subject to varying air currents caused by convection and 
other causes, and they frequently are further influenced 
by electromagnetic effects, all of which lead to irregulari- 
ties. Furthermore, the electrode spots are often moved 
about by these irregularities, which further increases 


Fig. 2. Illustration of multiple arcs 
forming on commutators under 
certain conditions of flashing 


the difficulty of obtaining consistent results. (This is 
noticeable on some of the oscillograms given toward the 
erid of the paper which show very irregular curves during 
periods when the location of the electrode spots is chang- 
ing. See figure 12.) 
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In considering the phenomena further, it must be ap- 
preciated that while the dotted-line curves somewhat 
simulate the usual arc characteristic curves, they do not 
represent a static relation between current and voltage 
because the points to which the curves are drawn are in 
all cases the points from a transient arc condition ob-_ 
tained by starting with a certain value and lengthening 
the arc while the current decreases and the voltage in- 
creases. By means of the full-line curves, it is possible 
to determine the starting currents corresponding to the 
current values at the points of intersection between the 


PC OUTAGE Fig. 3. Test arrangement for the 


determination of the characteristics 
of arcs forming on commutators 
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solid-line and the dotted-line curves. Normally, that i 
with constant length of are and without high air velocity 
around the arc, it is to be expected that with a diminishing 
arc current the voltage will be the lower the shorter the 
time interval allowed for the decrease in current. The 
reason for this is that during a shorter time interval, less 
deionization will take place. Comparison of definite 
points between the low- and the high-speed curves in 
figures 5 and 6, respectively, shows that the opposite 
condition applies here. If we consider, for instance, the 
20-ampere point for the 2!/>-inch are length in figure 5, 
which corresponds to a starting current of about 28 am- 
peres, we find a voltage of 167 volts for the slow speed. 
If we then consider the 20-ampere point for the 2!/2-inch 
arc length in figure 6, we find a higher voltage of 215 volts 
in spite of the fact that the time of drawing this arc was 
only 1/3 that of figure 5 and that the starting current 
was over 30 amperes. Likewise, if we consider the 14- 
ampere point of the l-inch arc length, with a starting 
current of about 18 amperes the voltage indicated is 115 
volts for the low speed, while with approximately the 
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me starting current, a voltage of 155 is obtained for the 
gh speed. The conclusion drawn from this is that the 
eed at which the commutator is rotating has a marked 
fluence upon the deionization, resulting in higher volt- 
es for a given current with the higher speed. This is 
ore clearly shown in figure 7, which gives the arc voltages 
r certain arc lengths at different speeds for instantaneous 
c currents of 10 and 60 amperes. As should be expected, 
e speed is of relatively minor influence with the shorter 
cs but is, in general, of greater influence with the longer 
cs. It will be further noted that with the heavier currents 
e influence of the speed is not very marked, while with 
esmall currents it is appreciable. Since the voltages for 
e transient currents for which the curves of figure 7 
e plotted may be influenced by the initial currents 


Fig. 4. Tracing of 
oscillogram giv- 
ing arc current 
and arc voltage 


ARC VOLTAGE TOTAL 


id the corresponding ionization, the values of the initial 
rents are of interest. The values of these initial 
irrents happen to be practically constant for each of the 
ives and therefore the difference in voltages evidently 
caused by the difference in speed; these values are 
own at the right of the curves in figure 7. 
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Although, as already pointed out, the curves in figures 
5 and 6 cannot be considered as representing static arc 
characteristics, figure 8 has been prepared showing 
a comparison of some of the curves of figures 5 and 6 with 
the static-arc characteristics as calculated from a formula 
given by Riidenberg.* 

In commutator flashing we do not at any time deal with 
constant arc currents, but the conditions are much the 
same as the test conditions of figure 3. What we are 
really interested in, especially in the light of the theory 
advanced in my previous paper,! is the arc voltage for 
different lengths of arc for any given initial arc current 
and for various commutator speeds. The curves in 
figures 9A and 9B show this. These curves can be directly 
applied as the arc voltage curves designated A-B in the 
previous paper and compared with the curves of the volt- 
ages induced in the armature between the arc terminals. 
Figure 10 gives a number of these voltages as compared 
with the curves applying to given initial currents indi- 
cated for a speed of 2,200 feet per minute. The distance 
to the points at which the arc-characteristic curves and 
the induced-voltage curves cross each other should, there- 
fore, be a direct indication of the comparative likelihood 
of motor flashing at 2,200 feet per minute for the different 
initial currents and for the 3 different curves of induced 
voltage corresponding to different main-pole shapes. 

In order to check any influence which different brush 
locations might have upon the arc characteristics, a num- 
ber of tests were made with the brush mounted at the 
bottom of the commutator. The results thus obtained did 
not differ materially from those obtained with the brush 
mounted at the top. Visual inspection indicated that the 
arc formed close to the surface of the commutator with 
the brush in either position, and, in general, the phe- 
nomena seemed to be the same. 

With the testing arrangement in figure 3, it is evident 
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that the hot-cathode spot would very likely remain on 
the last segment (a) for the entire duration of the arc, 
unless there were appreciable air currents or magnetic 
effects to disturb conditions. However, in checking some 
tests made on motors with artificially produced brush 
jumping, it seemed that at times flashing did not occur 
when according to the basic theory given in my previous 
paper! it should have occurred. This theory assumes 
that the hot-cathode spot remains on the segment on 
which it originally forms. The only possible explanation 
therefore seemed to be that in reality the hot-cathode 
spot moved from the original segment in a backward di- 
rection to other segments, thus preventing the drawing 
of the arc into the high-voltage regions of the commutator. 
In order to check this a test arrangement as shown in 
figure 11 was devised. A number of segments (a, 2, 
y, x) were connected together as in the previous tests and 
the current from these segments was conducted through 
a slip ring (1). The 2 segments (6 and c) following the 
interconnected segments were also connected to slip 
rings 2 and 3, respectively. The voltage of the arc was 
recorded as before by the oscillograph and the currents 
in the 3 slip rings were also recorded by the current ele- 
ments of an oscillograph. On the commutator surface 2 
strips of insulating material were arranged as shown in 
figure 11 to lift the brush slightly off the commutator 
when it was about to pass segment (a). This, of course, 
resulted in the formation of an arc (S), the current of 
which was measured through the current of slip ring (1) 
and it is evident that in case the hot-cathode spot would 
move to segments b and c, this would be indicated by cur- 
rents in the slip rings 2 and 3. In order to determine 
the effectiveness of this arrangement, some tests were first 
made with the brush negative—that is, with the hot- 
cathode spot on the brush and the anode end of the are 
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forming on segment (a). Figure 12A is a tracing of an 
oscillogram taken under this condition. As is well 
known, the anode spot moves readily and it will be seen 
that the arc formed on segment (a) at the left end of the 
oscillogram, persisted for a short period, and then trans- 
ferred to segment (0). Subsequently the current was 
divided for a time between segments (b) and (c) and finally 
transferred entirely to segment (c). In the case of the 
second arc on the same oscillogram, the current again is 
on segment (a) for a certain period, then is transferred for 
a short time to (0); and then instead of dividing as in the 
first case, is entirely transferred to segment (c). The 
latter condition is obtained in the majority of cases with — 
a negative brush. 

After these preliminary tests, the brush was made 
positive and a total of 22 arcs was recorded. It was 
found that in only 2 of these 22 cases a transfer of the 
arc from segment (a) to other segments took place. In 
view of the fact that the brush is wider than segment (a), 
it could not be safely assumed that the original arc 
always formed on segment (a), there being the possibility 
that the brush when lifted by the insulating strips would 
tilt and therefore make contact last with segment (z) 
preceding (a). In a case like this, the subsequent move 
of the arc to segment (a) would not be recorded by the os- 
cillograph. For this reason the brush was beveled, as 
shown by dotted lines, sufficiently to insure that it would 
make its last contact with segment (a). A total of 7 
arcs were recorded with this arrangement and it was found 
that a transfer of the hot-cathode spot occurred in 2 
cases. Figure 12B shows the currents in 3 of the arcs 
formed. It will be seen that in 2 of the 3 cases in this 
oscillogram no transfer took place, but in the third a trans- 
fer occurred and the current split between segments (d) 
and (c) for the remainder of the are duration. 
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In order to provide for the possibility of the arcs trans- 
ring to segments following segment (c), the arrange- 
nt was changed so that segment (c) was connected to 
umber of succeeding segments (f, g, and /), as indicated 
the dotted connection in figure 11. A typical os- 
ogram taken under this condition is shown in figure 
C. It will be seen that with the first 2 arcs no transfer 
k place; with the third a transfer of current to segment 
occurred, and subsequently to the sector including 
ment (c). The sudden breaks in the current of slip 
g (3) seems to indicate a further shift of the ‘hot- 
hhode spot from one of the connected segments to an- 
ler. The formation of the fourth are seems to be simi- 
to that of the third, except that the arc transferred 
m the leading to the lagging sector without touching 
intermediate bar. 
n another oscillogram shown in figure 12D, it will be 
ed that a transfer from the leading to the lagging seg- 
nt took place in 2 instances, while no transfer oc- 
red in the third. It will also be noted that the time 
which the transfer took place in the first 2 cases differs. 
e oscillogram shows no definite evidence of an inter- 
diate time during which segment (0) carried the current. 
Summarizing: It is found that of 125 arc formations 
orded, no transfer took place in 84, or 67 per cent of 
total. Eliminating the tests with unbeveled brushes 
ause of the uncertainty as to whether transfer took 
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place between segments (z) or (a), it is found that of the 
remaining 103 arc formations there was no transfer of any 
kind in 64, or about 62 per cent of the cases. Current 
values of 30 and 65 amperes were used in the tests. With 
the 30-ampere current, transfer took place in 21 out of 55 
cases, or 38 per cent; with the 65-ampere current, in 20 
out of 71, or 28 per cent. Considering only the tests 
with beveled brushes, with the 30-ampere current a trans- 
fer took place in 44 per cent of the cases; with the 65- 
ampere current, in 33 per cent. There is, therefore, a 
general indication that with a lower current the tendency 
to transfer is greater, though it may be inadvisable to 
draw such a definite conclusion without carrying on a 
greater number of tests. At speeds of about 1,600, 2,200, 
and 3,200 feet per minute, the percentages of cases in 
which transfers took place were 43 per cent, 19 per cent, 
and 44 per cent, respectively, when all tests are consid- 
ered; at speeds of 1,600, 2,200, 3,200, 4,300, 4,900, and 
5,400 feet per minute, the percentages are 53 per cent, 
18 per cent, 47 per cent, 11 per cent, 22 per cent, and 45 
per cent, respectively, when only the tests with the beveled 
brushes are taken into account. These figures do not in- 
dicate any very definite tendency to transfer with increas- 
ing speed. 

It was thought that the tendency of the arc to transfer 
might be influenced somewhat by the undercutting of the 
commutator and some tests were therefore run with under- 


Ue 


cutting and some without. However, the percentage of 
transfers under the 2 conditions was practically the same. 

For the purpose of determining whether the position 
of the brush had any marked influence, tests were made 
with the brush on top and also at the bottom of the 
commutator. With 65 amperes, the percentage of trans- 
fers was 44 with the brush on top and 40 with the brush 
at the bottom; with 30 amperes, the percentages were 
40 and 62.5, respectively. Since the number of tests for 
each of the 4 conditions is not very large, it would be un- 
wise to conclude that there is any decided difference 
between the 2 brush locations; as a matter of fact, it 
seems that the location of the brush makes very little, if 
any, difference. 

Some of the above data are given merely for the purpose 
of answering certain questions that may occur to those in- 
terested in the problem. The essential fact brought out 
by the rather extensive series of tests is that a transfer 
of the hot-cathode spot from the segment on which it is 
first formed to other segments takes place at times, but 
that this is more or less a matter of chance and certainly 
cannot be depended upon for reducing the tendency of a 
motor to flash. In other words, in order to be safe the 
designer should assume that the hot-cathode spot may 
travel with the segment on which it is first formed, which 
condition in turn is the one most likely to bring about ob- 
jectionable flashing conditions. 

In conclusion it may therefore be stated that with 
curves as presented in this paper and the fundamental 
method outlined in my previous paper,! it is possible 
to analyze the inherent electrical tendency of motors to 
flash when the brushes jump. It is appreciated that this 
phenomenon is also greatly influenced by the length of 
time the brush is off the commutator, which in turn is 
influenced by a great many mechanical factors, such as 
workmanship in the building of the commutators, sea- 
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soning of the commutators, balancing of the armature, 
mounting of the motor as a whole and resultant mechani- 
cal vibrations, commutator irregularities brought about 
by commutation characteristics and the type of brush 
used, brush tension applied to the brushes, weight and 
elasticity of the brushes, etc. It is obvious that the great 
variety of influencing factors makes it practically im- 
possible to determine theoretically the time the brush is 
likely to leave the commutator at different commutator 
speeds and that a complete and exact theoretical analysis — 
of this flashing problem therefore seems impossible. — 
However, the method and data given are useful and of é 
practical value in a comparative quantitative analysis of | 
different motor designs and, in particular, of their field 
distributions. Moreover, some of the variables enumer- 
ated, such as the commutation characteristics, the choice - 
of brushes, etc., can be handled by the designer in such a 
way as to eliminate them as factors of practical importance. 
On the other hand, the variations caused by manufactur- 
ing and maintenance operations can, with reasonably con- 
trolled shop processes, be reduced to chance phenomena — 
of a limited amplitude of variation. Consequently, the 
comparative analysis outlined furnishes a means by which 
the adequacy of new designs can be predicted with a con- 
siderable degree of assurance. As already indicated at— 
the beginning of the paper, the experimental results given — 
here will also be useful in other types of flashing. A 
more complete analysis of these will require experimental 
investigations regarding the initial current that may exist 
at the brush when a short-circuited coil passes from under 
the brush under different conditions of load and commuta- 
tion. Furthermore, it would be necessary to make a 
quantitative analysis of the transient current, field, and 
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oltage conditions existing in the machine at the time 
hen flashing is likely to occur. However, through the 
idicious use of a qualitative analysis of these factors 
iven by the author in an earlier article,* together with 
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the considerations and data given in this and the previous 
paper,! considerable progress has been made in predicting 
the flashing characteristics of motors during transient 
conditions such as may exist after temporary interruptions 
of power supply to the motors. 
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A Single-Element Polyphase Directional Relay 
(Continued from page 80) 


Appendix III 


Conductor Voltages at Location of Arc Fault 


Three-Phase Fault Phase-to-Phase Fault 
E, = ,R E, —I1(Z_, + Zz) 
YF is in phase with E, E, = —1,(Z, ao Visi, + 2R) = I(2Z, + 
Zr, + 2R) 
—I, and J, lag E, and &, respectively 
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Appendix IV 


A. Connections Figure 3a 
The total input to the relay is 


Pe+jQr = Ely + Eoly — Eolc + Ealc — Ealy — Evly + 
Evla —- EI 


The underlined terms cancel and 


—Edle ae Els = (E, i E,)Ip — — Ezy 

— Bol: ae Eal< = (Eq = Ey )I aa —Eclc 

—Ed + Eola = (Ep = E,)Ia = —Egly 
Therefore 

Pr+jQr = —Eala — Eply — Ecle 


B. Connections Figure 3b 


The total power to the relay is 


Pr +jQr = —EoIg — Ealg + Eade + Esl — Epa — Ealg + 


Exh, + Ecls 
since E, + Ez + Ec = 0 
Ealy + Ecly) = (En + Ec)In = —Esl 
E,I, ae EzI, = (E4 oF Ez)I; <2 —Ecl, 
—EcIg — Ealg — Esta — Eat = —(Eo + E, + Eg t+ Eada 
= —Egly 
therefore 


Pr+jOr = —Eala — Esty — Ecl. 
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A Review of Overhead Secondary Distribution 


By W. P. HOLBEN 


MEMBER AIEE 


PECIAL interest in the 
economics of secondary 
distribution design has 
developed during recent years 
among the various electric 
utility companies. Extensive 
studies covering technical and 
practical features of second- 
ary design have been made 
and reports completed to show 
the results of these studies in a 
most interesting and enlight- 
ening manner. Through the 
courtesy and co-operation of 5 
operating companies, and the 
authors of the respective re- 
ports, it is now possible to pre- 
sent the combined results of 
these studies in a comparative form. 

The comparisons of the conclusions reached in the 
various investigations are especially interesting, since 
they represent a variety of operating conditions, locations, 
and engineering and operating opinions. There is suffi- 
cient similarity in the conclusions reached to indicate 
that all these reports are based on sound engineering prin- 
ciples and that, in general. the economic and technical 
solutions of such problems are not restricted by local con- 
ditions or individual opinions. On the other hand, cer- 
tain qualified conclusions indicate the effects of good en- 
gineering judgment to meet special local problems, and 
provide ample reason for separate and independent studies 
based on conditions and practices in the various operating 
territories. 

While no technical analysis will be undertaken in this 
paper, it is proposed to present the essential data and 
results in a concise manner, adding explanatory discussion 


and towns. 


A paper recommended for publication by the AIEE committee on power trans- 
mission and distribution. Manuscript submitted October 29, 1936; released 
for publication November 30, 1936. 


W. P. Hovsen is engineer in the engineering and construction department of the 
Duquesne Light Company, Pittsburgh, Pa. 


* This paper represents a composite review of the findings resulting from 5 
separate studies on the subject of ‘‘Economics of Overhead Distribution Design.” 
The author is therefore indebted to the company managements and the authors 
of the respective company reports, without whose contributions a paper 
of this type would be impossible at this time. The author is especially 
grateful for the constructive suggestions made as a result of the review of the 
paper in preliminary form. The following contributed to the studies on which 
this paper is based: 

Boston Edison Company; report by A. H. Sweetman and St. George T. Arnold, 
dated December 29, 1934. 
Detroit Edison Company; 
September 1, 1935. 
Duquesne Light Company; report by C. T. Sinclair and W. P. Holben, dated 
January 16, 1934. 

Philadelphia Electric Company; 
1934. 

West Penn Power Company; report by Merrill DeMerit and R. C. McKee, 
dated June 1928. 


report by H. P, Seelye and E. L. Leinbach, dated 


report by A. H. Kidder, dated November 5, 


114 


This paper provides a comparison of results of 
5 economic studies* that were made to determine 
the economic relationship between conductor 
sizes and distribution transformer sizes for various 
load densities and rates of load growth. 
progressive method of distribution design, which 
provides additions rather than replacements, has 
been found most economical. 
density can be handled most economically by 
the subdivision of secondary mains and the 
installation of intermediate transformers. 
bers 4, 3, or 2 conductors and 15-kva trans- 
formers should be favored for overhead sec- 
ondary distribution in residential areas in cities 
Rural lines and service to rural 
communities are not considered in this comparison. 
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only as may appear necessary 
to provide a better under- 
standing of the variety of 
conditions and variables en- 
countered in these investiga- 
tions. Several of the reports. 
include the complete technical 
analysis and tabulated results 
of each step of their computa- 
tions. Each of these reports 
provides excellent reference. 
material for any one interested 
in the economics of distribu- 
tion design. Many of the fine’ 
points developed in the reports 
cannot be reviewed in this 
paper, but the writer highly 
recommends the use of the 
methods and the technique for similar studies. Each 
of the reports uses asomewhat different form of graphical 
analysis but all of them are extremely interesting. 


The 


Increase in load 


Num- 


Summary 


1. The progressive method of secondary circuit design, which pro-— 
vides additions rather than replacements, has been found most eco- 

nomical, and provides for growing loads on the basis of small incre- 
ments of system capacity. 


2. The economical conductor sizes are reported to be numbers 4, 3, — 


and 2. The majority recommendation is number 2 where the reduc- 
tion of appliance load flicker is a major need. 


3. For load densities less than 20 kw per 1,000 feet, numbers 6 and 4 
conductors show some advantage in annual costs but in some cases 
fail to meet flicker requirements. Over 20 kw per 1,000 feet, num- 
bers 3 and 2 meet both the economy and flicker conditions. 


4, For concentrated or high density load in commercial districts 
these recommendations do not apply, as lack of sufficient transformer 


poles or other congested conditions frequently necessitate larger — 


conductors or special construction. 


5. For overhead distribution in average residential districts in cities 


and towns, 15 kva transformers are generally most economical, with a 


later change to 25 and 37!/, kva for higher densities resulting from 
growth in load and other special conditions, 


6. For average residential loads, transformer loadings may range 
from 75 per cent at installation to 165 per cent at replacement, with 
the majority average recommendation 90 per cent to 150 per cent. 
(The overloading becomes permissible because of the usual low 
ambient temperature at the time of the winter peak load on trans- 
formers on overhead lines.) 


7. Growing loads in overhead distribution areas can be handled 
most economically when the secondary system is designed on a pro- 
gressive basis to allow for subdivision of secondary mains and the in- 
stallation of intermediate transformers as required, including pos- 
sibly some transformer relocations. 
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vomparison of Methods, 
Assumptions, and System Conditions 


Table I outlines the methods, conditions, and assump- 
ions that were considered by the authors in their respec- 
ive investigations, to arrive at the most economical 
econdary design. 


‘YPE OF SYSTEM 


The comparison in item 1 shows that each of the 5 
ompanies has studied the problems and economics re- 
ating to a 3-wire single-phase overhead radial system of 
econdary distribution. Companies A and B have se- 
ected the “‘straight line’ plan of distribution with con- 
inuous secondaries on streets with long blocks, using the 
-way feed from transformers. Three- and 4-way feeds are 
are because of difficulty in locating transformers on corner 
oles. Cross ties between secondary mains and ‘‘H”’ con- 
truction are generally considered unnecessary and uneco- 
omical as a result of these studies, except where closed 
adial loops or banked secondaries are in use. Company 
) reports the use of some radial loop construction, al- 
hough not used extensively, while company E uses 
anked secondaries as well as radial circuits, with the 
yrmer predominating. Company C does not state a 
reference. Where short branches from secondary mains 
re in use, the load on such branches may generally be 
onsidered located at the point of connection to the main, 
hile the longest branch may be regarded as part of the 
iain. For most of the studies, the load density has been 
onsidered in kilovolt-amperes or kilowatts per thousand 


feet, distributed uniformly along the main at the respec- 
tive pole locations. 


METHOD OF COMPARISON 


Item 2 indicates that companies A, B, and D have 
based their investigations on a study of annual costs and 
companies C and EF on a study of investment costs. 
Company £ also includes capitalized losses in the total 
costs. It is interesting to note that company B has in- 
cluded also the annual lost revenue due to secondary drop. 

Annual costs include the following items: 


(a). Fixed annual charges (included by all companies) 
1. Interest 
2. Dividends 
8. Laxes 
4, Insurance 
5. Depreciation 
(b). Energy losses (included by all companies) 
1. Transformer iron losses 
2. Transformer copper losses 
3. Secondary copper losses 
(c). Operation and maintenance for (included by company A) 
1. Transformers 
2. Secondaries 
(d). Lost revenue due to secondary drop (included by company B) 


Depreciation as expressed in item (@)-5 is dependent in 
part on the life of transformers and secondaries resulting 
from failure, inadequacy, and obsolescence, but must 
also provide for retirement to meet new conditions re- 
sulting from growth in load. Replacement before the end 
of a normally useful life requires a larger retirement re- 


Table I—Comparative Statement of Methods, Assumptions, and System Conditions 


Company 


A B 


Cc D E 


....3-wire 1-phase 
overhead radial 
straight-line 


.....3-wire l-phase...... 
overhead radial 
straight-line 


Type of system.......... 


AM cet Caco Annual costs 


Method of comparison.........Annual costs 


Cost of losses 


Secondary copper............ (Oa OIG Ee Gee erent ce cidic RO Gem EON Onn CHP tc, Ane 
‘Bransformer iro. ...)..0- 1 - OOO TG oats eixcrnsiatattve 6102 0.0035 and 0.007 
Transformer copper......... OOD GO arerc eye eicusgsecits tne 0.0070 and 0.014 


MCOSSESICAPICALTZEM crete ie ast eree ts tetracaine sane sabasee caro cies o\ enema olen s« eialos 
Equivalent hours of full load use 

per year 
Voltage regulation 


Secondary drop, per cent... 2-3. .c nce ese ers eee iS Bronte meee 
hotalireptilatsor eee se wee ite ver eraser edie cyacd aiede) tains teiovelel «niche ely lence eucseest ls cs 
PAN ADIS TICKET ers eierate tate ge ele aici cieteicisasy Melcsceranslace wis, fue Gaver eieneroetednra gens 
Notice a DIERMIC REL ai pave utes folre dis (otra a Ae oh arena ecayeakn oe el eValve 2 per cent of 


incl. lost revenue 
due to secondary drop 


3-wire l1-phase 
overhead radial 
straight-line, 
2-way and 4-way 

Annual costs per 
peak kilowatt 


3-wire 1-phase 
overhead radial 
and banked 


3-wire 1-phase 
overhead radial 


Investment costs 
incl. capitalized 


losses 
iatunerata suite « gant ouecoousaiats sr cloehotee 0.00456 and 0.01.......0.005 
AAC oS emo ru Aaaonto Une 0.003 and 0.01.........0.005 
SOON AoC NO OOM a AEIO” 0.00456 and 0.01.......0.005 
PTO POCar crear EMO orNKe QOY OR One orca MOOD dkswo-SGI8 15 per cent 
5 La iseav errata, ata fa sya Wor cnen ere Ob ey aaa yes CIES Tae L200 Fee oc adats oh sis eee O95 
ss 6 gacetd ie okays iaasua ter eevee cdoieucts rah seach lere ana a Waren aPvoaclatets, s eelies 21/2 


121 volts (first customer) 4-7 per cent (113-121).............. 
109 volts (last customer) 


5 per cent of 115 volts...2—4 per cent of 115 volts 
20 amp @ 50% power 20 amp @ 50% power 


15 amp @ 50% power 


factor 

Wire cost, triple-braided weath- 
erproof, cents 
Standard wire sizes 


Nos. 6, 3, 1/0, and 4/0..Nos. 6, 4, 2 


1/0, 2/0, and 4/0 


BIN V 19 CLO PLORA ote iets ters: 622) 203) afar Residential and......... Residential....... 
light commercial 

Load growth rates, per cent... 73/2... 0s ce cterecces 5,10; .and 15 aio. 

Load density, kilowatts........ LOStOmMObRE seh etenels LOtand! 20 rcsetsvens 


per 1,000 feet initial load 


factor power factor 
115 volts 
Sie va one splctsunt - eegtes ois liars tole ystore Wiel. SierH TE nana yore Je'e Gh deeseuhs eakeATO c 5, 10, 20, and 30 copper 
he, See Nos. 6;,4;.2, and 2/0... ...Nosi6; 4.20.5 5.2.5... .=Nos,. 6,452 

2 No. 1/0 and 1 No, 2 1/0, and 4/0 


2 No. 4/0 and 1 No. 2/0 
. Residential Residential 


Residential including... 
ranges 

5 linear 
5 and 10 compound 

71/2, 15, 2241/2, and 30...10 to 100 


hyn ih 2 and ‘‘¢”’ 
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serve, and most of the companies have therefore extended 
their investigations to include accumulated annual 
charges over a considerable period of years, ranging from 
15 to 25 years. 


Cost oF LossESs 


There is a wide variation in cost of energy losses used 
by the various companies in calculating this portion of 
the annual cost. This is apparently due at least in part to 


279 


KVA| 3 
| 37V2KYA. 363% 


Nes 
[850 
= Seva a 


ONS AG etal Ge) ot 
: E eae) es 
ae | 
2 


a 


Fig. 1. 


Use scale at left corresponding to transformer used for radial secondaries. 
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500 & 
SPACING BETWEEN TRANSFORMERS IN FEET 
Flicker chart showing voltage drop with 20 amperes at 115 volts and 50 per cent power factor (company E) 


one being twice as great as the other, with cost curves re- 
sulting that are similar in form and an average variation 
in total costs of 7 per cent. 


RATE OF CAPITALIZING LOSSES 


Company £ based their study on the total cost of 


transformers and secondaries in place on the system and 


included losses capitalized at 15 per cent. Company C 
refers to their comparison of investment costs but does 
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This chart may be used for banked transformers by dividing 


scale readings at voltage drop by Q if motor is midway between transformers 


a difference in opinion regarding the demand charge 
factor as well as the load factor for such energy losses. 
Generally speaking, there should be very little difference 
in generating costs on these representative systems, but 
there will be a substantial variation when different points 
on the system to which the energy is to be delivered are 
taken into consideration. For example, since the sec- 
ondaries are the remote part of the system, the unit cost 
for energy at that point will be a great deal more than at 
the generating station 

It is unnecessary, however, to be greatly concerned about 
‘this point since losses represent less than 20 per cent of the 
‘total annual costs and regardless of the values used, the 
form of the annual cost curves are similar and therefore do 
‘not materially affect the choice of conductor or transformer 
‘sizes. This fact was substantiated by company B which 
included as part of their study the effect of using 2 values, 
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not state the percentage for capitalizing losses. It is 
suggested however that a good practice to follow on this 


point provides a percentage for capitalizing losses equal - 


to the annual fixed charges. 
Loap Factor 


The load factor based on the equivalent hours of full 
load use per year for the calculation of losses is reasonably 
uniform, as shown in table I, with one company some- 
what more optimistic about their load curve for distribu- 
tion transformers. 


VOLTAGE REGULATION 


The allowable voltage drop in the secondaries repre- 
sents a fairly uniform practice among all the companies. 
The total voltage regulation at the customer’s service is 
the important consideration, and must include the voltage 
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op in primary conductors beyond the regulating point 
1 the main, the transformer drop, and the drop in the 
condaries to the point of service. When transformers 
e located near the regulating point or when not fully 
aded, it is possible to allow a greater drop in the sec- 


A [hs ; 
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SECONDARY WIRE SIZES 
B&S GAUGE NO.6 4 3 2 ve) 


MCM 10 30 50 70 90 


Fig. 2. Annual costs of transformers and secondaries 

for various conductor sizes, pole spacing 100 feet, 

2 per cent secondary regulation, and transformers 
100 per cent loaded (company A) 


idaries and still maintain satisfactory voltage at the 
stomer’s service, within the limits specified by company 
actice, or public service commission requirements. 

A great deal of discussion has resulted from the claim 
at the feeder regulators may be used to correct trans- 
rmer regulation. It should be noted that 2 conditions 
act against complete success in the use of regulators for 
is purpose: i 

The daily load cycle is not the same for all the transformers on a 
mary distribution circuit. Large present-day distribution cir- 
ts include transformers to supply residential, commercial, and 
lustrial load. 

The per cent loading of distribution transformers on any primary 
cuit is not the same, partly due to the difference in rate of growth 
J also because of the need to handle a large variety of load condi- 
ns and densities, therefore resulting in the use of a variety of trans- 
mer sizes. 
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ALLOWABLE FLICKER 


The allowable flicker has been investigated by com- 
panies B, D, and E. The results in each case indicate 
that sudden voltage variations in excess of 2 per cent are 
noticeable and if they occur frequently will become the 
cause of complaints. Refrigerator motors and similar 
appliances are subject to starting currents of 15 to 20 
amperes at 115 volts and 50 per cent power factor. As 
the density of these appliances increases, the question 
of flicker becomes a problem of major importance, and 
directly affects the choice of wire sizes and transformers as 
well as transformer spacing. Figure 1 has been prepared 
by company £ to show voltage flicker due to appliance 
motors. 


WIRE Costs 


The effect of considerable variation in wire costs has 
been thoroughly investigated by company E. While an 
increase in wire price shows the effect of favoring smaller 
wire sizes, it is not a controlling factor in the choice of 
wire sizes. There is, of course, a natural reason for favor- 
ing larger conductors when copper prices are low but 
it cannot be adopted as a standard practice over an ex~ 
tended period of time. The use of an average price, such 
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lron losses 0.007 
per kilowatt- 
hour for 8,760 
hours annually 


oOo 


Copper losses 
0.014 per kilo- 
watt-hour for 
1,095 hours an- 
nually 


Sizes of wire for 
main sections de- 
signated on each 
curve. Number 
4 wire used in 
all cases for short 
sections on side 
streets 


Fig. 3. Total annual charges with varying yearly 
growth of load for straight line secondary distribu- 
tion (company B) 


RELATIVE ANNUAL COSTS FOR ISYEAR PERIOD 


5 10 IS. 
RATE OF ANNUAL GROWTH — PER CENT 


Initial loading on transformers 100 per cent, maximum load- 
ing approximately 150 per cent, and maximum secondary 
voltage drop of 3 per cent or less; initial load density 
of 20 kva per 1,000 feet. Total life of each layout 15 years: 
with assumption for transformer life 30 years and wire 15 years: 


as 15 cents per pound for comparative studies, appears 
to be logical as a result of the facts developed in this 
investigation. 


STANDARD WIRE SIZES 


It will be noted that 4 of the companies use the even 
numbered wire sizes, while company A stocks and uses 
numbers 6, 3, 1/0, and 4/0. This naturally has some ef- 
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fect on the selection of the economical wire size as will be 
noted later, especially in the lower load densities. 


TYPE oF LOAD 


All of the studies apply to loads and economical designs 
in residential districts, but at the higher densities may ap- 
ply equally well to light commercial districts, unless pole 
congestion and street conditions enter into the picture. 
Electric range load was studied by one company and is an 
important factor in some parts of the country. As 
ranges increase in number, the diversity and demand 
factors are expected to show a substantial improvement, 
and will be less of a problem than in the early stages of 
scattered and isolated installations. 


Loap GRowTH RATES 


Estimated load growth must necessarily include an 
element of speculation, although over a limited period of 
years, experience records show some fairly definite 
trends. Depressions have a serious effect not only on 
load growth records and charts but also result in greater 
caution in the selection of per cent load growth. 

It should be noted that in residential districts growth in 
load may result from: 


1. Increased usage 


2. Additional customers 


(a). Along existing secondary mains. 
(b). Beyond but adjacent to existing mains. 


These items do not follow the same trends in all districts 
and are the result of a large variety of conditions includ- 
ing changes in population, living and business conditions, 
new inventions, sales activities, and rates. Secondary 
design when intended to meet conditions over a long 
period of time must necessarily meet the composite or 
total result of all these factors. 

Company B has gone into this matter of load growth 
very thoroughly by using 3 rates, 5, 10, and 15 per cent, 
respectively, as the basis for most of their charts. All of 


the companies have selected rates of load growth in 2 
nection with their computations of accumulated ann 
charges as indicated in table I. 

Company EF defines the rates of load growth a, 4, and ¢ 
as follows: 


(a). Load 10 kw per 1,000 feet at beginning of first year 
20 per cent load growth for first 5 years 
7.5 per cent load growth for next 15 years 


(b). Load 10 kw per 1,000 feet at beginning of first year 
10 per cent load growth for first 5 years 
5 per cent load growth for next 15 years 


(c). Load 30 kw per 1,000 feet at beginning of first year 
10 per cent annual growth to load density, 75 kw 


erm en 


Loap DENSITY 


Load density, both for static and increasing load condi . 
tions, has a very decided effect on the economics of sec- 
ondary design. The density range has accordingly been 
covered from 71/2 to 110 kw per 1,000 feet of line, by the 
various companies as indicated in table I. 


Comparison of Results: 


Table II outlines the results of each of the studies, and 
the conclusions by the respective authors. These re- 
sults represent the combined effect of economics, voltage 
regulation, flicker, load growth, load density, estimated 
life of conductors and transformers, copper costs, and 
available wire and transformer sizes. It is interesting 
to note 3 companies reporting flicker as one of the con- 
trolling factors in secondary system design at the low load 
densities, but voltage regulation and annual cost as the 
predominating factors at densities over 20 kw per 1,000 
feet. 


WIRE SIZES 


Each of the companies reports results of a compre 
hensive study of costs to determine economical conducto ‘ 
sizes and 4 reports demonstrate in graphical form “ 


Table II—Comparative Results of Economic Studies r 


= = ee 
Company 
A B Cc D E 
1. Wire size numbers } 
20 kva per 1,000 feet and under. .3..........2..cceeesees (Ho SOHO nOnCe p00 4 minimums cc oiseie cols Distereve overseen any ceetertel eels 2 
Over 20 kva per 1,000 feet....... Bwerel saws srelerlerels ea isanew ae Vane olisearetes ele\e) evanere 2/000 tos; 000%eirciilarny 2iacicw union ciereietenrene 2 
mils per kilovolt- I 
ampere 
2/0 maximum 
2. Transformer sizes, kilovolt-amperes 15 for 12-60 kw/M feet 25 maximum 15 and 25 10 to 371/2 
25 for 60-100 kw/M feet generally 37!/2 maximum 
371/2 for 
100-110 kw/M feet 
38. Transformer loading 
At installation, per cent......... QO FRc Be Pee aes LOD Ss oe eh ee tsarn eee LOOMor So wotcs/eekwasa co] OO nemesis 50 minimum 
125 for 10 kva 
140 for 15 kva and over 
At replacement, per cent......... V4 ricrsyetarenevainterete Faye sake ae WO) Rerane estaraistelotereyere UGS isis wistare sta everenernersrare TBO hc rsrareterataneltterete eereterete Over 125 
4. Transformer spacing, feet.......... P200ifor b=1O wa Mik eetrcs ss cers ctecsuarore rime wale craves etereeatece te voreneteraienara reeetee 800 to 400 . 800 to 600 
800 for 20-29 kva/M feet (2,000 to 600 studied) 
600 for 30-49 kva/M feet 
400 for 50 kva and over 
Laoekeseuss Subdivision............Replacement...........Replacement 


5. Load growth handled by*.......... Subdivision and......... Replacement 
, replacement 


* Preferred method is shown first. 
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and subdivision 
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and replacement and subdivision and subdivision 
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srocedure followed in reaching their conclusions. 

_ Both companies showing number 4 as the economical 
‘onductor size at low load densities, recognize the flicker 
imitations, but until complaints become numerous they 
ieem to be willing to recommend the use of that size. This 
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Fig. 4. Variation in investment in secondary dis- 

tribution with 2 volts allowable flicker for banked 

transformers and 4 volts for transformers not banked 
(company E) 

Assumptions include starting current of 115 volt motor, 20 

amperes at 50 per cent power factor, voltage dip computed 


to customer's service pole, and wire price 10 cents. Motor 
location assumed to be midway between transformers 


lisadvantage may be offset to some extent by closer spac- 
ng of transformers. The other 3 companies report 
1umber 6 or number 4 conductors economical under 20 kw 
yer 1,000 feet, but do not recommend them in order to 
wvoid an early change to a larger size. Company E 
‘tates the additional cost of number 2 is small and avoids 
licker as well as the expensive operation of replacing 
secondary conductors. The choice of number 3 by com- 
yany A is, of course, influenced considerably by the fact 
hat numbers 4 and 2 are not stock sizes for them. This 
tem of the respective reports shows unusual similarity of 
esults. While conditions are recognized that may neces- 
itate larger conductors for special applications, the con- 
ensus of engineering opinion favors these wire sizes over 
. large range of load densities. 

Figures 2, 3, 4, 5, and 6 are typical graphs that were de- 
reloped to demonstrate the relative economy of various 
onductor sizes. Company C did not include the charts 
ised in reaching the conclusions stated in their report. 
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Companies B, D, and E include an extensive series of 
charts for various conditions, but only typical charts are 
shown here. 


TRANSFORMER SIZES 


On the question of transformer sizes the reports are not 
specific in their conclusions, except in the case of company 
A. This report illustrates by means of figure 7 the 
economy of 15-kva transformers up to 60 kw per 1,000 
feet, 25-kva for 60 to 100, and 371/.-kva above 100 kw per 
1,000 feet for 2-way feed. Company B does not state 
any recommended size of transformer, but apparently 
uses the voltage drop and loading limitations to determine 
transformer sizes. Company C is very specific in stating 
the maximum size they consider most desirable, but do 
not indicate the extent of economical use for smaller sizes. 
Company D finds 15- and 25-kva transformers most econom- 
ical and are explicit in recommending 371/,-kva as the 
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Fig. 5. Relative total cost per 1,000 feet of second- 
aries and transformers, with wire at 10 cents per 
pound and capitalized losses included (company E) 
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[| ing REGULATION 5 PER CENT ee 


Fig. 6. Annual cost of trans- 
formers and secondaries at various 
per cent loads on different trans- 
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former sizes for 2 assumed values 
of energy costs (company D) 
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Broken line curves—Copper loss at 0.01 


per kilowatt-hour; transformer loss at 
0.01 per kilowatt-hour 


Solid line curves—Copper loss at 
0.00456 per kilowatt-hour; transformer 
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loss at 0.003 per kilowatt-hour 


Load density—15 kw per 1,000 feet 


Numbers on curves are ratings in kilo- 
volt-amperes” 
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RELATIVE ANNUAL? COST PER ‘PEAK KILOWATTS 


180 200 


120 140 160 
PER CENT LOAD é TRANSFORMERS 
B 


60 80 100 


maximum size to be used. Figures 6A and 6B illustrate this 
conclusion. Company £ finds 4 sizes, namely, 10-, 15-, 
25-, and 37!/.-kva transformers, are needed to meet the 
various stages of load growth, stating however that 15- 
and 25-kva transformers are generally favored for average 
load densities. Figures 8A and 8B illustrate the relative 
economy of various transformer sizes as developed by 
company £. 


TRANSFORMER LOADING 


On the item of transformer loading there is an unusual 
variety of results and recommendations. Although com- 
panies A, B, and D are fairly uniform in their reeommenda- 
tions, company EL seems to be extra conservative, but 
company C recommends an unusual percentage for initial 
loading at installation. This company assumes 5 per 
cent annual load growth which probably influences their 
conclusion. 

These conclusions are based principally on the fact 
that peak loads on distribution transformers are expected 
during the winter season when ambient temperatures are 
low, whereas transformer ratings are based on tempera- 


120 


Total regulation of transformers and 
secondaries for each group of curves as 
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shown 


180 200 

Two-way and 4-way distribution from 

transformers as indicated. Power factor 
97 per cent 


Secondary wire sizes: 2 —2 number 4/0 _ 
and 1 number 2/0; A—2 number 1/0 
and 1 number 2; ©—3 number Q; 

X—3 number 4; ®—3 number 6. 


ture rise with 40-degree ambient. The increasing use of 
appliances may gradually change this condition and 
should therefore be checked from time to time. It 
should be noted also that this recommendation applies 
only to overhead transformer installations, and not to 
transformers in building or underground vaults, where the 
low ambient temperatures may not be available. 
Generally, voltage regulation, rather than per cent 
overload, dictates the need for transformer replacement or 
respacing of transformers to reduce length of secondary 
mains. Increased transformer regulation is usually ac- 
companied by a relatively high secondary drop hence 
both of these items will require attention, unless primary 
regulation is extremely favorable. The total voltage 
variation should be studied in each case, as well as the 
component voltage drops, to determine the best solution. 
It is evident therefore that the thermal capacity of dis- 
tribution transformers is only part of the loading problem. 
For small transformers, the annual transformation cost 
is materially reduced by overloading even up to 200 per 
cent. The exact effect on the life of the transformer 
under such conditions is not fully known, although 
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claimed by some to be satisfactory. There is no consensus 
of opinion on this point. Fortunately, on the 15-kva 
transformer and larger, the most economical loading 
ranges less than 150 per cent of name plate rating, hence 
there is less reason for risking failure on these larger units. 
In any event, the higher loadings may be expected to be 
troublesome and therefore result in increased operating 
and maintenance costs. The economics of transformer 
loading has been developed in a very interesting manner by 
company D, as shown in figures 6A and 6B. 

It will be especially interesting to note the results of the 
various practices followed on transformer loading over a 
period of years. A further comparison of operating ex- 
periences will be desirable at a later date. 


TRANSFORMER SPACING 


Transformer spacing is largely determined by load den- 
sity and secondary voltage drop, especially after the selec- 
tion of the economical wire size has been made. Com- 
panies B and C do not state their findings on this point. 
While companies A, D, and E have developed this item 
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Fig. 7. Relative annual cost of transformers and sec- 

ondaries for various transformer sizes, number 3 

secondary conductors, pole spacing 100 feet, and 

transformer and secondary regulation approximately 
4.5 per cent (company A) 
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Table III—Transformer Costs in Relative Units 


Transformer Rating in Kilovolt-amperes 


Per Cent 

Loading 7/2 10 ites 25 371/3 50 

Annual Transformer Cost* 
AO eee Te ee ee 2SoO sg elt OrmOl Oo 4 OO eee OO 
BORA ere a eee 2E Ops) Oiler OO rl ot ATe Sas (DO On Ord 
CO Cee ee ee oe 25.6.. 29.2.. 34.8.. 50.4.. 63.0.. 78.2 
LOOM ge Gaps iistancae opie eee aes 26:8: 00:8,. 37.0). 03.0 52 61.8200 O44 
AUS AAs pets ape ne oe rle edah i OR As OF Ono ata Os LA One OLED. 
LAO rates ir ee koe eee 30.2... 85.1.. 42.9... 62.5.. 80.5..100.8 
THO so eeicharvmannelk ieee 32.3.. 87.8.. 46.5.. 68.0.. 88.5..113.4 
i Ve See eR, Riss nee Me OR Oe 8 84.9.. 40.9.. 50.7.. 74.2.. 97.6..122.6 

Transformer Retirement Costs 

Location maintained—transformer re-used on job 

A—Cost installed. .......0.0.0-. 140.0 159.0..182.5..270.0..328.0..409.0 

B—Reclaim value.............. 124.6. .141.5..164.6..242.4..296.1. .372.6 

C—L. and D. to remove........ 5.0.2, DOD Ong (o20ls S20 8.0 

D—Net reclaim (B—C)....... 119.6..136.5..159.6. .234.4..288.1..364.6 

E—Retirement cost (A — D).... 20.4.. 22.5.. 23.9.. 25.5.. 39.8 44.3 


Location maintained—transformer returned to storeroom 
ReHPeRi eit COSE sic 5.tre oo Fe ee 35.0.. 39.0.. 43.0.. 64.8.. 76.8.. 92.8 


Location abandoned—transformer re-used on job 
399.0 41,9. 42.35,. 60.0... 74505. 7550 
Location abandoned—transformer returned to storeroom 
Retitewert cost... ees 54.4.. 58.5.. 61.4.. 


Retirement costs. saws ces ss oars 


99.3..111.3..127.4 


* Comprised of 121/2 per cent of installation cost as fixed charges, transformer 
iron losses, transformer copper losses, and transformer operation and main- 
tenance cost. 


Table I!Y—Avnnual Transformer Costs 
Load Growth 71/, Per Cent Per Year, 20-Year Period 


Transformer Per Cent Annual Cost 


Load Per Cent Comparison 
Kya 71/2-15 10-15 15 7/2-15 10-15 15 
Year Load Kva Kva Kya Kva Kva Kva 
Wiker st 3A UES 67. 50M eo oe De 4.97%... 5.68* 
Beenie Cuca. 8345 cn Ole. 41 4.69. 5, 14 ea tonSe 
Samer 8.3 styl = 83 55 4.95 BAT 2 6500 
12 acy 11.0: (iock elena Bona. caeckire ST Gr ins OCG: 
LG oes Io iMae ie) Olnsteweo Lies 19 Laine Ono 6.29T-.. 6.29 
20 Fence 197... AOL pe lode. alot ose r Dee Tica cre) gilt OX 
Total annual cost (20 years)........... 113 ecerepoll aly vee Lek CA) 
Retirement: COSt i. cies seis eeteteiabeteuelehaiourore --6 pauls Ree IO Ore ; ®B 
Total annual cost plus retirement cost...119 -..-124 ...124 (A + B) 
Depreciation reserve (compounded)..... 9 Se 12 ; 24 (C) 
Total net cost after applying credit for 
depreciation reservet (compounded 
at 6 per cent less retirement cost)..... 104 ceo, ..100 (A — C) 
Total annual cost 113 Peet i yg . .124 (A) 
Depreciation reserve (not compounded) a cons md: : 13 (D) 
Total net cost after applying credit for 
depreciation reserve (not compounded) 
less retirement cost..............--. 108 Sort ee .-111 (A-D) 


* Transformer annual cost expressed in per cent of total net cost for 20 years 
using a 15-kva (column 3). 

} The change to a 15-kva transformer was made at this time. 

¢ The depreciation reserve is included as a part of the annual cost, therefore, 
any part not used for retirement costs may be applied as a credit to determine 


total net cost. 


very thoroughly, the spacings listed represent preferred 
distances between transformers under ideal pole conditions 
and uniform load density. Experience indicates that it 
is well to favor these spacings, but actual field conditions 
and existing facilities will frequently change the secondary 
design including the transformer spacing. Company E 
illustrates by means of figures 8A and 8B the economics of 
transformer spacing. The limits for 2!/2 per cent voltage 
drop and 4 per cent flicker for radial secondaries are shown. 
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Loap GROWTH 


Various methods of handling load growth have been 
carefully studied to obtain the lowest total cost over a 
long period of years. This has been done by studying 
the accumulated annual costs for a number of possible 


methods. The method that involves the least retirements 
is usually most economical. 

The subdivision method including the installation of 
additional or intermediate transformers is used by all 
the reporting companies but is especially favored by com- 

(Concluded on page 189) 
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Contact Drop and Wear of Sliding Contacts 


By R. M. BAKER 


ASSOCIATE AIEE 


HE relatively small 
Tene of accurate knowl- 
edge gained through the 
enormous amount of effort 
expended in the study of slid- 
ing contacts is evidence enough 
of the complicity of the proc- 
esses involved. This paper is 
intended to be only another 
step forward toward the ulti- 
mate goal of a perfect understanding. Each such step 
makes it just that much easier for the design and opera- 
ting engineer to analyze and solve those practical prob- 
lems with which he is continually confronted. It is felt 
that the experiments described represent a real advance 
in our understanding of contact drop and wear of sliding 
contacts. In order to conserve space and eliminate 
repetition, certain concepts developed in earlier published 
works will be used without explanation, and the reader 
not familiar with these concepts is referred to the original 
publications."”*4 A general bibliography also is in- 
cluded at the end of this paper. 


paper. 


Contact Resistance 


The fact that the contact between a carbon brush and 
a copper slip-ring offers a high resistance to the flow of 
small currents has been attributed to the insulating effect 
of the oxide film which forms on the surface of the ring. 
Further, it is believed that increasing the current through 
the contact breaks down this high resistance film over 
certain areas, thus allowing the brush to make better 
contact with the metal of the ring and in this way lower 
the contact resistance. 

This concept has been fairly well established*® by experi- 
ments which show that the resistance of the contact 
between a carbon brush and a ring on which no oxide 
can form (a gold or carbon ring) is independent of current 
and remains low even for currents as low as 0.001 ampere. 
Although these experiments are convincing it seemed 
desirable to illustrate the correctness of the assumptions 
by some more direct method, and this has been accom- 
plished by a special test arrangement which will be de- 
scribed below. 

The apparatus used is shown in figure 1. It consisted 
of copper rings 13 inches in diameter driven by 2 motors; 
one a d-c motor and the other a synchronous motor con- 
nected in tandem. With such an arrangement it was 
possible to drive the rings at synchronous speed (1,800 
rpm) or at any other speed differing slightly from syn- 
chronous speed. Each ring carried only one brush 
(3/g inch thick and */, inch wide) of a soft electrographitic 
grade. Since the rings were electrically connected, the 
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The results of a series of experiments, in which 
the processes of contact voltage drop and ring 
wear in sliding contacts are demonstrated by 
means of a direct method, are presented in this 
The results show that the wear of metal- 
graphite brushes and the rings upon which they 
operate can be reduced if they be operated in 
an oxygen-free gas instead of air. 
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current flow at any instant 
was from one brush into its 
ring and from the other ring 
out into its brush. All tests 
were made with a resistance in 
series with the contacts and 
since the supply voltage was 
40 volts, 60 cycle alternating, 
the current through the con- 
tacts was essentially sinusoidal 
and in phase with the applied voltage. The effective 
value of brush current was 12 amperes (42.8 amperes per 
square inch). The brush current was supplied from the 
same circuit which supplied the synchronous driving 
motor, thus insuring synchronism between the rotation of 
of the rings and the current supplied to the brushes. A 
stroboscopic lamp was used to bring the rings into syn- 
chronism always with a definite phase relation to the 
brush current. This lamp was also used when it was 
desired to let the rings slip one or more revolutions before 
being thrown back into synchronism again. When it was 
desired to operate the rings nonsynchronously, the syn- 
chronous motor was disconnected from the line and the 
rings were driven by the d-c motor. It now will be shown 
how this apparatus was used to illustrate the part played 
by oxide films in determining contact resistance. 

With the rings running synchronously (1,800 rpm) it is 
obvious that the 60-cycle current through the brushes 
became zero 4 times each revolution of the rings. As the 
positions of current zero occurred at the same points on 
the ring surface each revolution, there were 4 sections of 
the ring surface which were never called upon to carry 
current. (This is not strictly true because of the finite 
brush width but the discrepancy is of small consequence.) 
Other points of the ring surface were called upon once 
each revolution to carry some value of current between 
zero and the maximum current through the brushes 
(17 amperes or 60.5 amperes per square inch), and it is 
especially important to observe that the same section of 
the ring surface was subjected to exactly the same value 
of current each time it passed under a brush. The con- 
dition can be pictured best perhaps by thinking of a 
standing wave of current around the ring. One quarter 
of the ring surface carried all values of positive current, 
the next quarter all values of negative current, and so 
on around the ring. 

If the oxide film on the ring is responsible for the com- 
monly observed large variation of contact resistance with 
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current, ‘it would be expected that the film on the ring 
surface near each of the 4 points of zero current might 
have a very high resistance, for it is never called upon to 
carry heavy current and therefore does not become 
broken down. Thus, it would be expected that with a 
sinusoidal current passing through the brushes, the varia- 
tion of contact drop would be represented by a flat topped 
wave. That is, one would expect a relation between 
current and voltage similar to that obtained in the static 
characteristic. To what extent this prediction is fulfilled 
by experiment is shown by the oscillograms of figure 2, 
all of which were taken with the rings running synchron- 
ously. 

Figure 2a shows the current through the contacts and 
the voltage drop in each contact just after the ring sur- 
faces had been cleaned with very fine alundum cloth. 
It will be seen that the contact drop was low and almost 
sinusoidal. The oxide film was still so thin that it was 
not appreciably affecting the contact resistance anywhere 
around the ring. 

The oscillogram shown in the figure 2) was taken about 
11/2 hours later and it can be seen that the curves of con- 
tact drop were beginning to flatten somewhat. The oxide 
film was forming on the ring surface and was increasing the 
contact resistance more in the regions of low current than 
in the regions of high current. 

The oscillogram of figure 2c was taken after the rings 
had operated synchronously for several days. The oxide 
film was fully formed and the curves of contact drop had 
become quite flat, especially over those sections of the 
ring where the current flowed from the ring to the brush. 
The resistance of the contact near current zero is very 
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high but drops off rapidly at first and then more gradually 
until it reaches a minimum at the point of maximum cur- 
rent. 

One might ask at this point what happens if the rings 
are not running in exact synchronism. In this case, every 
section of the ring surface is called upon to carry all 
possible values of current from zero to the maximum 
brush current. Thus, all sections of the film on the ring 
surface are broken down to the same extent and all offer 
the same resistance to the flow of current. If a sinu- 
soidal wave of current is forced through the contacts, it 
would be expected that the curves of contact drop also 
would be essentially sinusoidal. An oscillogram taken 
after the rings had run for some time out of synchronism 
is shown in figure 3a. 

It is especially interesting and instructive to compare 
the contact drop curves of figure 3a with those of figure 
2c. In both cases the brushes carried the same value of 
alternating current, so it is fair to assume that the condition 
of the brush face was the same in both cases. It follows, 
therefore, that the large variation of contact resistance 
with current during synchronous operation is due to a 
condition on the ring surface rather than to some property 
of the brush face. This is an especially important con- 
clusion for it follows that the same must be true in general 
for all sliding contacts which show a large change in con- 
tact resistance with current. 

To demonstrate this fact in another way, a separate ex- 
periment was made. After the rings had been running 
synchronously for several days with alternating current 
in the brushes, the brush current supply was switched off 
and replaced by a dry cell in series with a 6-ohm resistor 
and an oscillograph element 
as shown by the diagram of 
figure 4. The oscillogram, 
figure 4a, was taken as soon 
as possible after the change 
was made. The peaked 
current record shows that 
each time the brushes passed 
over a part of the ring sur- 
faces which previously carried 
low current, the current 
through the oscillograph ele- 
ment decreased. This can be 
interpreted to mean only that 
the condition of the ring sur- 
face over these parts was such 
as to produce a high contact 
resistance. Thusonesees that 
it was possible to set up a 
standing wave of resistance 
around the ring, during syn- 
chronous operation, perma- 


Fig. 1. Test equipment used 
for studying brush performance 
during synchronous and asyn- 

chronous operation 
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nent enough to be recorded or measured in a separate 
circuit some minutes after the a-c current supply had 
been disconnected from the brushes. 

The record of figure 4b was taken after 10 minutes of 
operation with the dry cell connected in the brush circuit. 
In this time the oxide film on the ring surface had re- 
paired considerably to produce an average increase in 
contact resistance. The high-resistance regions were 
gradually destroyed by the 1.5 volts applied across the 
contacts. 

Figure 3b shows the current and contact drop curves 
with the rings stationary. The contact drop curves under 
this condition are practically sinusoidal, indicating con- 
stant resistance in the contact. The peculiar breakdown 
phenomena observed on the one ring (upper record) 
probably occurred because the ring happened to come 
to rest in such a position that the contact between the 
brush and the ring was especially poor. Such a record 
is seldom obtained and is included only as an oddity. 

If one were to plot a curve between current and con- 
tact drop from the curves of figure 2c, the result would 


Fig. 2. Oscillograms of current and contact voltage 
drop taken during synchronous operation 


A downward deflection of the contact voltage drop curve 
corresponds to a current flow from ring to brush 


(a)}—Ring surface free of oxide film 
(b)—Taken after operation of 11/2 hours 
(c)—Taken after operation of several days 
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Fig. 3. Current and contact voltage drop oscillo- 
grams taken during asynchronous operation 


(a)—Néear synchronous speed 
(b)—Rings stationary 


look very much like the static volt-ampere characteristic 
commonly taken by the tedious step-by-step method. 
In fact this might be a satisfactory and easy method of 
obtaining a static volt-ampere characteristic on a brush 
grade. It is in effect a method of operating a number of 
rings simultaneously with different currents and observing 
in rapid succession the contact drop in equilibrium with 
each value of current. The brushes are actually carrying 
alternating current but the individual sections of the 
ring surface have no way of detecting this unless the 
nature of the brush face is influenced by the current it 
carries. There is undoubtedly a difference in the polish 
of the brush face with different currents flowing but 
experiments indicate that this effect is small in comparison 
to that produced by the conditions on the ring surface. 

A brush which is hard, or one which contains enough 
abrasive to prevent the formation of a uniform oxide 
film on the ring surface, will not build up such a high 
contact resistance at the very low current densities as 
will a soft nonabrasive brush such as used in the in- 
vestigation described above. Neither will a hard abra- 
sive brush produce contact drop curves with such sharp 
corners as those of figure 2c. 

Previous experiments* have indicated that the break- 
down of the oxide film and the resulting decrease in con- 
tact resistance occurs almost instantaneously when a high 
current is forced through the contact. It was expected 
therefore that allowing the rings to slip one revolution 
following synchronous operation before pulling them 
back into synchronism again would subject all sections 
of the ring surface to high current and make the surface 
uniformly conducting all around the ring. However, 
contrary to expectations, a record of contact drop taken 
immediately after the rings had slipped one revolution 
and were running synchronously again, showed curves 
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of contact drop almost identical with those of figure 2c. 
Only by allowing the rings to slip 10 revolutions (50 
seconds nonsynchronous operation), could rounded contact 
drop curves similar to those of figure 3a be obtained. No 
attempt will be made at present to explain the unexpected 
results. It was necessary to operate the rings synchron- 
ously for half an hour or more to repair the damage done 
to the film during the 50 seconds of nonsynchronous 
operation and to obtain again contact drop curves similar 
to those of figure 2c. 


Ring Wear 


The track produced on the surface of a copper ring by 
a carbon or graphite brush is definitely characteristic 
of the direction of current flow through the contact. If 
the current flows from the ring to the brush, the track 
has a light color and may even be bright and show signs 
of threading. If the current flows from the brush to the 
ring, the track is dull and in some cases seems to be covered 
with a thin film of carbon. These effects are generally ob- 
served on rings operated with direct current but it was dis- 
covered in the present investigation that they may be ob- 
served also with alternating current in the brushes. It will 
be recalled from the early part of this paper that during 
synchronous operation of the rings, certain parts of the 
ring surface always experienced current flow from the 
ring to the brush. These parts showed the typical brush 
track for this direction of current flow. Other parts of 
the ring surface always experienced current flow in the 
opposite direction and showed the characteristic track 
for that direction of current flow. The contrast was so 
sharp that one could determine by visual observation of 
the ring surface, the exact point at which the direction 
of current flow reversed. 

This observation is of considerable importance for it 
establishes the fact that the nature of the track produced 
at one polarity or the other is effected by the direction of 
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current flow across the contact (an instantaneous process) 
rather than by some condition of the brush face, such as 
fine copper picking or the loosening of carbon particles as 
is sometimes supposed. 

Another interesting observation connected with the 
difference in ring surface over different parts of the ring 
after synchronous operation, was the occasional appear- 
ance of burned spots or brush photographs on the ring 
surface. These generally occurred only with a hard brush 
grade which did not ride well on the ring surface. This 
is such a common phenomenon that it would not be worth 
mentioning except for the fact that these spots always 
occurred at points of zero current on the slip-ring surface. 
This is not so surprising when it is remembered that just 
at the point of zero current there is an abrupt change in the 
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Fig. 5. Curves showing that the wear of rings is in 
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“Brush positive’ indicates current flow from brush to ring 


appearance of the ring surface. This abrupt change 
in appearance is probably associated with a change in fric- 
tion which causes the brush to dance just a little and burn 
the ring at this point. 

The appearance of brush tracks, which already has 
been discussed at some length, is closely related to ring 
wear. The negative ring (current flow from ring to brush), 
which usually exhibits a bright clean-looking track, is the 
one which always shows rapid wear. The positive ring 
on the contrary usually shows a dull track and very much 
less wear. This is true when the rings operate with either 
graphite or metal-graphite brushes, although the wear is 
usually much more rapid with metal-graphite brushes than 
with graphite brushes. 

The synchronous ring arrangement used throughout 
this set of experiments seemed likely to show some in- 
teresting facts regarding ring wear if enough wear could 
be produced to be measurable at all points around the 
ring. Since all values of current and both polarities would 
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be represented on the one ring surface, a single set of wear 
measurements should give a fairly complete story. 

A test was made using metal-graphite brushes containing 
about 80 per cent of copper by weight. The brushes 
carried 35 amperes of 60-cycle alternating current. The 
rings ran synchronously at 1,800 rpm throughout the 
test. 

The rings were measured at the beginning of the test, 
at the end of 470 hours, and again at the end of 920 hours. 
A special device was used to measure the ring wear with an 
accuracy of plus or minus 0.00002 inch. 

The results of the test are shown in figure 5. The 
current wave shows the distribution of current around 
the ring surface, or more exactly, the current carried by 
each section of the ring surface as this section passed 
under the brush. The wear curves indicate the ring 
wear, measured at various angular positions around the 
ring. These curves show at once that the total wear 
of the ring surface is made up of 2 components, the one 
constant around the ring and the other alternating and 
almost exactly in phase with the distribution of current 
around the ring. Apparently the constant component 
of ring wear is caused by mechanical abrasion of the 


ring surface by the brush, while the alternating component — 


is caused by the transportation of material across the con- 
tact by the current. The fact that the material trans- 
ferred is roughly proportional to the current, indicates 
that the transfer might occur by an electrolytic process. 
Whether or not this is true is not definitely known. It 
is interesting however, to calculate what current, flowing 
electrolytically in parallel with the main brush current, 
would be required to transfer the amount of material 
indicated by the wear curves of figure 5. <A simple cal- 
culation shows that if only 0.004 per cent of the total 
brush current flowed across the contact by electrolytic 
conduction, the material transfer would be sufficient to 
explain the wear curves obtained. 

The results of this experiment show that a large per- 
centage of the ring wear commonly observed with direct 
current in the brushes is due to an instantaneous process 

associated with the transfer of current across the contact. 
The curves of figure 5 show greater ring wear at the points 
of zero current than at the points of maximum current 
where the direction of flow is from the brush to the ring. 
Apparently metal is in some way picked up from one 
part of the ring surface and put down at another to bring 
about this result. 

The maximum ring wear occurs on those sections of 
the ring where the current flows from the ring to the 
brush; the minimum wear occurs on those sections where 
the current flows from the brush to the ring. These 
observations agree with the fact that in direct current 
operation, the wear of the negative ring is much greater 
than that of the positive ring. As shown by figure 5, 
the ratio of maximum wear to minimum wear on the syn- 
chronous rings was 5.4 after 470 hours operation and 
5.7 after 920 hours operation. This leads one to believe 
that if the rings had been operated with direct current 
in the brushes, the wear of the negative ring would have 
been about 5.5 times as rapid as that of the positive ring. 


JANUARY 1937 


Baker, Hewitt—Sliding Contacts 


NEGATIVE 
; BRUSHES 


BRUSH WEAR—MILS 


0 200 800 1000 


600 

RUNNING TIME — HOURS 

Fig. 6. Curves showing wear of metal-graphite 
brushes in various gases 


1200 1400 


However other factors which cannot be discussed here 
would probably make this ratio considerably greater if 
the test operated 1,000 hours or more. 


Brush Wear in Various Gases 


Previous experiments have shown that carbon brushes 
wear very slowly when operating in an atmosphere of 
hydrogen. This observation led to the belief that oxygen 
in the atmosphere around the brushes was responsible for 
the brush wear commonly observed in service and that 
this wear could be greatly reduced if the brushes were 
surrounded by some oxygen-free atmosphere. The greater 
demand for a longer life of metal-graphite brushes led 
to the choosing of this type of brush for a special test 
which will be described below. 

Copper slip rings and a driving motor were inclosed in 
a gastight housing which could be filled with any gas de- 
sired. The rings were 9.5 inches in diameter and operated 
at a speed of 1,750 rpm. Each ring carried 2 metal- 
graphite brushes, 14/2 inch wide by 13/4, inches thick. 
The brushes operated on direct current, 160 amperes per 
ring (80 amperes per brush). The current flowed into 
one ring and out the other. The temperature of the gas 
inside the housing was about 55 degrees centigrade. 

The results of a series of tests are shown in figure 6. 
These curves show brush wear plotted as a function of 
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running time, so the slope of the curves at any point is an 
indication of the rate of wear. The brushes and rings 
operated in room air, in hydrogen, in nitrogen, in hydrogen 
again, in oxygen, in dry hydrogen, and finally in dry 
carbon dioxide. This series of tests shows that the rate 
of brush wear for the particular brush grade tested is 
about 10 times as rapid in air as in any of the commercial 
oxygen-free gases. It also shows that the brush wear is 
more rapid in oxygen than in air. Most of the tests were 
made with commercially pure gases taken directly from 
the high pressure cylinders. Only in the last 2 tests 
(figure 6), one in hydrogen and one in carbon dioxide, 
were the gases especially dried. It will be noticed that 
the rate of wear is still further reduced by drying the gases. 

It is important to make one more comparison in order 
to show that brush wear is greatly reduced by the removal 
of oxygen even when the brushes carry no current. 

A test made in dry oxygen with no current in the brushes 
indicated a brush wear of 8 inches per year or a greater 
rate of wear than was observed in commercial oxygen 
with current flowing. This high wear was due apparently 
to the extreme dryness of the oxygen for when some 
moisture was purposely introduced, the coefficient of 
friction decreased about 50 per cent and the rate of wear 
became 2.8 inches per year. In dry carbon dioxide the 
rate of brush wear with current flowing (last test, figure 6) 
was only 0.028 inches per year. Since it is unlikely that 
the brush wear in carbon dioxide with no current flowing 
is any greater than the rate of brush wear with current 
flowing, it appears that the brush wear with no current 
in the brushes is about 100 times greater in oxygen, 
under the most favorable conditions, than it is in dry 
carbon dioxide. 

The noticeable effect of moisture in reducing wear of 
the brushes during operation in oxygen is just opposite 
to the effect observed during operation in the oxygen-free 
gases. The evidence is that moisture is beneficial during 
oxygen operation and perhaps also during air operation, 
for it results in a decreased friction and a lower rate of 
brush wear. This is in line with field experience, where 
short brush life is often associated with low air humidity. 

Although no actual measurements of ring wear were 
made, visual observation indicated that the ring wear 
during tests in oxygen-free gases was extremely low and 
that this wear was rapid (especially on the negative ring) 
when air or oxygen was introduced. This was also ob- 
served on another test in which graphite brushes operated 
on copper-alloy rings. 

The brushes used to study brush wear in various gases 
contained 70 per cent copper and 30 per cent graphite by 
weight and were bonded with pitch. This specification 
is given because another grade bonded with bakelite 
showed less improvement with the introduction of an 
oxygen-free gas. 

The results of the experiments described in this paper 
have been interpreted in so far as it was consistent with 
the limitations of space and our present knowledge. For 
the most part the results agree well with the ideas and 
experimental evidence presented in previous works to 
which the reader was referred in the introduction. 
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A New Electrostatic Precipitator 


(Continued from page 163) 
Vq = velocity of drift of a charged particle through the gas under 
the influence of the electrostatic force 
Wr velocity of the gas parallel to the electrode face 
A = spacing between parallel electrodes 
L 
ta 


length of parallel dust-collecting electrodes 
= time required for a charged particle to drift hrough the gas 
a distance A 
t, = time required for the gas to travel the length of the parallel 


dust collecting electrodes 


r = radius of the dust particle assuming that an actual irregular 
particle can be represented by a sphere of equivalent radius 

K = dielectric constant of the dust particle 
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GREAT DEAL of in- 

terest has always been 

exhibited in watt-hour 
neter design by the usersas well 
s the manufacturers, because 
he watt-hour meter is so vital 
. factor in the sale of electrical 
nergy. The emphasis has 
radually shifted from one 
yart of the meter to another as each has been perfected 
n turn to a high degree, until within the last few years 
nuch attention has been focused on the subject of bearings. 
mterest in meter bearings has been accentuated due to 
he tendency to increase the length of periodic test inter- 
vals and the necessity of eliminating as much servicing 
ind as many replacements as possible. There are so 
nany factors involved and it is so difficult to obtain 
onclusive data, that it is not surprising that there has 
*xisted a divergence of opinion on the part of many who 
aave studied the problem. 

The purpose of this article is to analyze the many 
actors that bear upon the design and operation of watt- 
10ur meter bearings and to attempt to consolidate and 
larify fundamental information on this subject. In 
searching for a complete explanation and evaluation of 
the various factors and their relative importance, a large 
amount of work has been done. The results of much of 
this work will be covered in this article, and it is the hope 
of the authors that it will assist in making a more complete 
understanding of the subject possible. 


materials available 


Historical Review 


The groundwork of bearing design for electrical instru- 
ments and meters was, no doubt, laid by the designers 
of chronometers. For centuries prior to the birth of the 
electrical industry, builders of clocks and watches were 
faced with the problem of building rugged low-friction 
bearings to carry the weight of moving parts and to have 
long life. Much work had been done on the geometry 
of bearings as well as on the component parts to select the 
best combination of materials available. 

With the advent of the electrical industry in the latter 
part of the 19th century, it was only natural that the 
builders of electrical instruments and meters turned to 
the watch industry as a guide in selecting materials and 
designs of bearings to carry the moving systems. A wide 
variety of bearings has been proposed and used in various 
instruments, meters, and measuring devices. Figure 1 
shows a number that are, in general, applicable to watt- 
hour meters, but are also applicable to some forms of 
instruments. All of these arrangements can be resolved 
into either the pivot or the ball type, and for a theoretical 
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Bearings for the moving element in watt-hour 

meters have received considerable study in 

recent years in order that maintenance might be 

reduced. The requirements for the bearing, the 

and 

lubricants, and the various designs of bearings 
are discussed in this paper. 


Kinnard, Goss—Meter Bearings 


Jats. GOSs 


ASSOCIATE AIEE 


consideration of the friction 
of the bearings the ball type 
and the pivot type lend them- 
selves to the same analysis. 


their characteristics, 


Important Considerations 
in Bearing Design 


There are 2 bearings that 
are of primary importance from the standpoint of design 
and operation of a watt-hour meter. These are the top 
and bottom bearings of the moving element. The lower 
bearing carries the weight and the top bearing maintains 
the vertical alignment of the shaft. 

For clarity of treatment this discussion will be divided 
as follows: 


A. Mechanical design 
B. Materials 
C. Lubrication 


Each of these factors will be examined in turn in rela- 
tion to the lower bearing, as it is really the essence of 
successful long time operation of a watt-hour meter. A 
brief discussion of the top bearing will follow since it also 
performs an important function. 


Mechanical Design 
FRICTION TORQUE 


The primary consideration in the design of a watt-hour 
meter lower bearing is the reduction of friction to a mini- 
mum value that can be maintained. If the weight of 
the moving system is designated by W and the coefficient 
of friction by yu, then from the definition of the coefficient 
of friction the frictional force of the bearing will be pro- 
portional to Wy. It has been shown that the friction 
torque 7; is proportional to WRu, where R is the lever 
arm at which the force acts.** If it were possible to re- 
duce & to zero which could be done if a true point contact 
could be provided, then the friction torque would be 
zero and there would be no friction effect. Unfortunately, 
this would require the bearing material to carry or sustain 
an infinite stress which is impossible. All materials 
deform under load until the area in contact is sufficient 
to carry the load. The contact area then has an equiva- 
lent R that determines the friction torque (7;) of the 
bearing. As R cannot be reduced to zero, the next best 
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thing is to make it as small as possible which can be done 
by carrying the load of the moving element on a pivot 
point of small radius or ball of small radius in contact 
with a flat plate or a cupped jewel of a larger radius of 
curvature than the ball or pivot. As pointed out in a 
previous article! due to wear the initial condition cannot 
be maintained throughout the useful life of a watt-hour 
meter bearing. The friction torque is made low so that 
an increase of several times the initial value will not mate- 
rially affect the meter calibration. Figure 2 shows the 
initial error due to friction that must be compensated for, 
as a function of the radius of the pivot point. The values 
shown in figure 2 have been confirmed experimentally 
both by V. Stott? and by the authors. 


RATE OF WEAR AND SHOCK RESISTANCE 


There are 2 important considerations aside from the 
fact that the geometrical requirement is that the con- 
tact area should be as small as possible for minimum 
initial friction. One of these is that the rate of increase 
of this area should be reduced to a minimum, and the 
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other is that the bearing should have sufficient strength 
to withstand installation abuse and service abuse. 

Figure 3 shows the manner in which the friction torque 
varies as a function of pivot radius for a given decrease in 
pivot length resulting from wear. The friction increases 
rapidly with an increase in the radius. This curve was 
drawn assuming the pivot in contact with a flat plate. 
V. Stott? has shown that little error is introduced by 
this assumption if the area in contact is small. The 
method of computing the friction torque as a percentage 
of the watt-hour meter load torque is given in a previous 
article.! 

Figure 4 shows the relative shock resistance as a func- 
tion of the radius of curvature for glass-hard steel pivots 
running in sapphire jewels. It is evident from a study 
of this curve that the shock resistance of a pivot falls off 
rapidly below 0.0175-inch radius and that in order to 
reduce impact failures under severe conditions to a mini-_ 
mum, a pivot should not have a radius below this value. 
The method of test will be discussed later in relation to the 
required shock resistance of bearing material. 

A further treatment of the 
mechanical design of the types 
of bearings shown in figure 1 
will be deferred until after ma- 
terials and the subject of lubri- 
cation have been considered. 


Materials 


The material for any of the 
bearing designs shown in figure 
1 must meet practically the same 
requirements and as the geome- 
try of a watt-hour meter pivot is 
limited to a ball or spherical 
point, improved materials offer 
the best possibilities in develop- 
ing bearings with increased life. 
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The material for the jewel cup 
should have the following charac- 
teristics: 
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2. Toughness—That will protect the 
surface against shattering under shock. 


3. Low coefficient of friction—Should 
have a low friction coefficient in contact 
with the pivot or ball. 


4. Workability—Should be such that 
the jewel cup can be produced at a 
cost which will not be prohibitive. 
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It is extremely difficult to give 
quantitative data of the above re- 
quirements for a given material, 
(h) due to the lack of an accurate 
method of measuring perform- 
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ance. In the past hardness has been measured in accord- 
ance with the Moh scale which is based on the ability of 
one material to scratch another. This scale makes no 
allowance for the toughness of the material which is 
also a factor in wear resistance just as hardness is a fac- 
tor in protecting the surface against shattering. 


Fig. 2. Calcu- 
lated Friction 
torque as a 
function 
of pivot radius 
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Recently work has been done*® and results published 
that have given an illuminating picture of the Moh scale 
when applied to bearing material. Instead of the scratch 
hardness, the ability of a given material to resist abrasion 
was taken as a measure of its hardness. This is pre- 
cisely the thing of interest in a bearing material. The 
Moh scale and the new wear hardness scale are plotted 
in figure 5. 

It is evident from this curve that the Moh scale of 
hardness gives erroneous results when used as a basis for 
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Fig. 3. Friction torque as a function of radius for a 
given decrease in length of the pivot due to wear 


Decrease in length is (R — a) 


judging the relative wear resistance of materials. The 
new scale based on abrasion resistance gives a much 
better indication of the relative performances of the 
materials as is borne out by the results obtained in service 
with diamond jewels for severe applications as compared 
with sapphire jewels. The Moh scale if assumed to be 
linear would indicate a small difference between sapphire 
and diamond (sapphire 9, diamond 10), while on the 
scale of wear hardness the diamond is superior in the ratio 
of over 4 to 1. 
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Fig. 4. Curve showing 
the variation of pivot 
shock resistance as a 
function of pivot radius 


a 
je) 


Data obtained from short- 
circuit test using high car- 
bon steel pivots and natural 
sapphire jewels o 
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Diamond, according to figure 5, should be the most 
desirable material to satisfy specification 1, and if it is 
assumed that wear hardness is also a measure of toughness 
diamond is the most desirable from specification 2. Both 
diamond and sapphire take a good polish and satisfy 
specification 3. It is, however, difficult to grind a cup into 
diamond, and the cost of the raw material plus the high 
cost of working it into cups makes the cost prohibitive 
except for meters yielding a large revenue. 

Silicon carbide and boron carbide are seen to be between 
diamond and sapphire on the wear hardness scale. Jewel 
cups made from these materials are not commercially 
available although much work has been done to investigate 
their properties. Present practice, the outgrowth of long 
experience, shows that sapphire approaches nearer to the 
perfect material as defined by the specifications than any 
other material and is the best available. 


PIVoT OR BALL MATERIAL 


Glass-hard steel approximately 1.25 per cent carbon, 
running in a polished sapphire jewel cup, has from the 
beginning of meter and instrument manufacture been 
the most widely used combination of materials. A large 
amount of operating data has been obtained on meters 
operating with bearings of these materials both with and 
without lubrication. Based on these data certain speci- 
fications have been drawn up as desirable for a pivot 
material. 


1. Non-corrosive—Material should not corrode under operating 
conditions. 


2. Non-abrasive—Products of wear should be non-abrasive. 
(Most important when pivot operates on a sapphire without lubri- 


cation.) 
3. Wear-resistive—Should have a low rate of normal wear. (To 


be considered with and without lubrication.) 


4. Shock-resistive—Should be capable of resisting high impact 
loads caused by rough handling of the watt-hour meter during trans- 
portation and installation and impact loads imposed by short 
circuits while in service. 


5. Low coefficient of friction—Initial friction should be low in 


combination with sapphire. 


6. Workable—Should be capable of being produced in the form of 
pivots and balls at a reasonable price. 


Table I shows some of the more promising pivot ma- 
terials rated in accordance with the above specifications. 
To check materials to this set of specifications, one 
test was to run the bearings in meters at an accelerated 
speed without lubrication to see how well they stood up 
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Table |I—Properties of Pivot Materials 


Non- Wear- Shock- 
Material Corrosive abrasive Resistive Resistive Workable Low Coefficient of Friction 
Steel (1.25 per cent as ica wise INOS hice POOLS 551. Good... Good.g.;matisiactony cite sere ier Satisfactory 
Nitralloy.. sie vim eter sot CS wisieeys OOK sis cir Good  GOOdS oc SAtISLACCOLY: je /cice ste lene Satisfactory ; 
Chromium plated steel. Scdacauns JON NOs ase Poorer Good....Good....Probably satisfactory. ...Satisfactory. ...Initially wears well with or without lubrication} 
but plate wears off 
Cyanided stainless steel ees ys AINGzeeeics POOts. cise Good Fair ..Probably satisfactory... .Satisfactory 
Tantalum. ae ire Onstetoienele TRATES coc FB aitivete ts) OOLaereters Probably satisfactory... .Satisfactory....Hard outer shell breaks down under impact 
Beryllium coppers SN One nih POOf....ce: Faitaerce Poors... Satisfactory... ss. ence Satisfactory 
Beryllium nickel.. Mo aLSES NIN O's aye eet Fair Fair. Fair jc oatisiaCtoryeeen cen ener Satisfactory 
Cobalt-tinssten Seen eluis Sioile es eNO wee es Good... .}Good:.... Goode. SatislactoLry aaneci ee rene Satisfactory 


in comparison with high-carbon steel. The high-carbon 
steel and even alloys with a small percentage of iron were 
found to form appreciable quantities of iron oxide which, 
due to its highly abrasive character, rapidly wore away 
the pivot point. It is interesting to note that a bearing 
that is adequately lubricated with the proper lubricant 
does not form this oxide. The formation of the iron oxide 
has been investigated by Shotter® and has been shown 
to be dependent upon the presence of a certain amount of 
water vapor which may in a measure serve to explain why 
a bearing that is properly lubricated does not form the 
abrasive oxide. 

In table I the material approaching nearest to the 
requirements is an alloy of cobalt and tungsten (75 per 
cent cobalt and 25 per cent tungsten). This alloy is the 
development of Sykes*® who has applied it for wire- 
drawing dies to resist the high temperatures necessary 
for the drawing of tungsten wire for lamp filaments. The 
material belongs to the group of precipitation-hardening 
alloys. Figure 6 shows a typical hardening curve for 
actual pivot samples. 


ACCELERATED TESTS OF COBALT-TUNGSTEN 


It is very valuable to be able to check a material against 
the specifications in terms of values obtained by actual 
measurements. This can be done under stated conditions 
as there are several methods of obtaining data on watt- 
hour meter bearings.' In the preparation of the results 
for table I and figure 7, an accelerated test was used. 

Figure 7 shows the results of the test run to compare 
the wear rate of the cobalt-tungsten material with that of 
high-carbon steel and to check the abrasion characteristics 
of the wear products in accordance with specification 2. 
The worn area on the end of the pivot is approximately 
circular in shape and its diameter can be measured readily 
by means of a microscope with a calibrated eye-piece. 
From time to time as the test progressed the pivots were 
removed and the diameter of the worn area was measured. 
These measurements as a function of revolutions of the 
watt-hour meters are shown in figure 7. 

Without lubrication the cobalt-tungsten pivots averaged 
34 X 10° revolutions for a worn area diameter of 0.003 
inch as compared to 12 X 10® for high carbon steel. This 
shows a ratio of 2.8 to 1 for cobalt-tungsten over steel. 
The mean diameter of the worn area of the jewels run with 
the steel pivots and the jewels run with the cobalt-tung- 
sten pivots were as shown in table II. 

These results show definitely that the cobalt-tungsten 
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material has a life well over twice that of steel when run 
without lubrication and that the jewel wear is approxi- 
mately 1/3; as much with cobalt-tungsten as with steel 
based on this test. 

Figure 7 also shows the worn area of cobalt-tungsten 
in a well lubricated bearing tends to approach a limiting 
value and become stable. While it is difficult to measure 
the small amount of wear of the jewels with the 2 materials 
running in well lubricated bearings, the cobalt-tungsten 
definitely showed less wear on the jewels than did the 
steel pivots. Further tests made on a large number of 
watt-hour meters in actual service have confirmed the 
conclusions drawn from the accelerated test. For example, 
a field test in which 175 steel pivots and 153 cobalt-tungsten 
pivots operated with lubricated bearings for a one year 
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hardness scale and wear hardness scale 


Fig. 5. 


period showed an average jewel wear area diameter of 
0.004 inch for cobalt-tungsten as compared to 0.0084 inch 
for steel. 


SHOCK RESISTANCE OF PrvoT MATERIALS 


In order to check the shock resistance of different 
materials, 2 watt-hour meters rated at 5 amperes, 115 
volts were connected in series with a 30-ampere fuse and 
the load side was short-circuited with a heavy knife switch. 
An oscillogram was taken to determine the point on the 
wave at which the switch was closed and the magnitude 
of the short-circuit current. It was found that a peak 
value of 1,500 amperes was obtained. Further tests 
showed that currents under 1,000 amperes were not suffi- 
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cient to crack jewels or damage the steel pivots used. 
The 1,500 ampere value was selected as a reasonable one 
to use as it represents a value that is likely to be obtained 
in service. 

The disk is thrown upward when the short circuit is 

applied and springs between the damping magnets and 
the driving element so that energy is stored elastically in 
the deformed aluminum disk. When the short circuit 
is removed, the pivot is driven downward like an arrow 
from a bow and strikes a sharp impact blow upon the 
jewel. 
_ Figure 8a shows the disk, damping magnet, and driving 
element in the normal position, and figure 8b shows the 
deformed disk under short-circuit conditions. An at- 
tempt was made to study the energy.of the blow with 
which the jewel was struck by the pivot by replacing the 
sapphire jewel with a polished brass plug and observing 
the depth of the indentation made by the pivot. 


Fig. 6. Age 
hardening of 
cobalt - tung- 
sten pivot ma- 
terial at 650 
degrees centi- 

grade 
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After one short circuit which was opened within !/, 
cycle after its occurrence, the brass plug showed seven 
indentations. This shows that a condition of oscillation 
existed after the release of the short circuit, resulting in 
a multiple hammering of the plug. 

The data to plot the curve, shown in figure 4, were 
obtained with steel pivots and solidly mounted sapphire 
jewels using short circuits having a peak value of 1,500 
amperes. These tests were made, as previously mentioned 
for the purpose of evaluating the effect of pivot radius on 
shock-resistance and show conclusively that shock-re- 
sistance increases very rapidly with increase in radius. 

In making the tests to obtain the data for figure 4, 13 
per cent of the jewels were damaged by steel pivots of 
).0185-inch radius. The tests were repeated using 
).0185-inch radius cobalt-tungsten pivots and no jewels 
were damaged. The cobalt-tungsten pivots are softer 
than steel pivots and in this test tended to flatten slightly, 


Table II—Wear in Pivot Material 


Mean Diameter 


Number of Number of of Worn Area, 
Material Meters Revolutions Inches 
Steel (1.25 per cent carbon)......4.............62.9 X 108.........0.031 
Pehaltetuireten ances cise Fo incites rile OS OS LOC oe 0) 0,016 
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thereby reducing the stress on the jewel and preventing 
damage to the jewel surface. The extent of the flattening 
was not sufficient, however, to measurably increase the 
friction of the bearing. 


Lubrication 


It was shown by Abbott and Goss! that the most suc- 
cessful operation of a pivot type bearing is obtained when 
the bearing is properly lubricated, but the provision of 
a good lubricant is not a simple matter. The require- 
ments for a lubricant are exacting due to the fact that a 
small quantity put into the bearing at the time of installa- 
tion is expected to last for periods up to 10 years. Based 
on experience and tests on watt-hour meter bearing lubri- 
cants over a period of years, the following empirical set 
of specifications has been developed to serve as a criterion 
for judging a lubricant for this application: 


1. Low evaporation—The evaporation loss shall not exceed 20 
per cent in a dry atmosphere at 75 degrees centigrade after 50 days. 
Free circulation of air shall be provided. The evaporation shall 
be tested in glass dishes approximately 2 inches in diameter and 
the depth of oi] shall not exceed 1/g inch or an equivalent ratio of 
area to volume shall be maintained. 


2. Stable viscosity—The viscosity during the evaporation test 
shall not change more than 10 per cent and no gummy deposits or 
precipitates shall be formed. 


3. Wide temperature range—The viscosity of the oil shall not 
affect the calibration of a standard watt-hour meter more than 
0.10 per cent between +25 and —40 degrees centigrade. The test 
shall be made with 5 per cent nominal load on the watt-hour meter. 


4. High chemical stability—The oxidation or acid forming proper- 
ties of the oil shall be checked by the following method: 500 cubic- 
centimeters of oil shall be placed in a 1,000-cubic-centimeter glass 
beaker which also contains 40 inches of number 18 iron wire and 
40 inches of number 18 copper wire. The beaker shall be placed in 
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REVOLUTIONS (MULTIPLY Xx 10°) 
Fig. 7. Accelerated life test wear curves 
A—Standard steel pivot without lubrication; 12 x 108 
revolutions for a worn area radius of 0.0015 inch 
B—Cobalt-tungsten pivot without lubrication; 34 X 108 
revolutions for a worn area radius of 0.0015 inch 
C—Cobalt-tungsten pivot with ideal lubrication 
Pivot radius 0.0185 inch 
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a water bath at 75 degrees centigrade and an excess of free oxygen 
bubbled through the oil. The initial acidity shall not be over 
0.50 per cent and at the end of 500 hours on this test it shall not 
exceed 1.0 per cent. 


5. Low creepage—The oil should have low creepage tendencies. 


6. Corrosion protection—The oil should not corrode steel or the 
other bearing materials used and should also afford good corrosion 
protection to the pivots. 


Over 60 different oils were checked to these specifica- 
tions during a recent investigation and table III gives the 
results of a few typical oils. 

The literature contains an abundance of material on 
the properties of different mineral oils, fish oils, animal, 
and vegetable oils. This information is not, howevec, of 
particular value in selecting an oil or the components of 
an oil to meet the above set of specifications because of the 
fact that the evaporation requirement is particularly ex- 
acting when combined with the low temperature require- 
ment. This subject has been treated by Holtz’ for the 
mineral oils. The mineral oils in general are too volatile 
at the upper temperature (75 degrees centigrade) if they 
will meet the low temperature viscosity requirements, and 
too viscous at low temperatures if they will meet the evap- 
oration requirement. There are exceptions, however, as 
shown by mineral oil & in table III. 

The fish oil F has the unusual property of combining 
low evaporation 
with good low 
temperature per- 
formance and 
meets the speci- 
fications very 
well. Mare 
acidity is high, 
however, and as 
seen from the 
table» when 
blended with 
mineral oil # an 
oil was obtained 
which fulfilled 
the requirements 
satisfactorily. 
Figure 9 shows 
the evaporation 
loss curve for 
this oil and figure 
10 shows the 
increase in acid- 
ity on the oxi- 
dation ses tq 
Certain inhibi- 
tors can beadded 
to oils as shown 
by Dornte® that 
will materially 
retard the rate 
of oxygen ab- 
sorption in an 
(b) oil. The chem- 


Fig. 8. Action 
of disk under 
short-circuit con- 

ditions 


a—Normal 
b—Under short cir- 
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istry of the reaction of oxygen with oil is complex, . 
by adding the proper inhibitor, as was done in the case of © 
the blend A, the rate of acid formation can be reduced to — 
a very low value. . 

Table III shows that oil A meets all of the specifications | 
by a liberal margin. It represents a good balance be-— 
tween evaporation rate and temperature range so that it 
can be safely used for the wide temperature range to which 
outdoor metering subjects the bearing. Ordinary lubri- 
cants and many special blends of expensive ingredients 
will not meet these specifications which are so important 
to long bearing life. This oil meets the need for a lubri-. 
cant that can be used in modern watt-hour meter bearings 
to give the full advantages of reduced wear and long life 
that good lubrication can produce. 


Top Bearing 


Figure 11 shows a typical top bearing for a watt-hour 
meter. As previously stated, the load this bearing must 
carry is small and the bearing is subject to little wear for 


Fig. 9. Evapo- 
ration loss of 
jewel oil A at 
75 degrees 
centigrade 
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this reason. At the present time a brass washer and steel 
pivot lubricated with petroleum jelly are the most widely 
used combination of materials. 

Induction-type watt-hour meters require that the clear- 
ance between the pivot and washer be kept small in order 
to provide accurate alignment of the moving element, and 
to minimize the bearing noise set up by vibration. The 
addition of the lubricant also serves to reduce this noise 
as well as to provide the necessary lubrication to the 
bearing. 

This discussion of the top bearing may be summed up 
by saying that while some improvements may be made in © 
the top bearing by the use of new materials and by im- | 
proved design, little trouble is experienced at the present 
time with millions of meters in service. 


Discussion of Typical Bearing Designs 


It is evident from the discussion of friction and impact — 
considerations that the radius of curvature for a pivot or — 
ball must be a compromise between initial friction, rate — 
of increase of friction, and impact strength. Figure 12 — 
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hows the range within which the radius of curvature for 
ivots and balls shown in figure 1 falls. These limits 
ave been selected by the different manufacturers of 
yatt-hour meters, based on years of experience, as being 
suitable compromise among the various factors for their 
articular watt-hour meter design. 

Too much emphasis should not be placed on the initial 
r elastic conditions of pivot or ball deformation because 
; is almost impossible to maintain them due to wear. 
‘his was shown by Abbott and Goss! for the pivot-type 
earing with lubrication and is shown in figure 7 for the 
ivot-type bearing without lubrication. 

Up to this point the design requirements have been con- 
idered without reference to any of the particular bearing 
Irangements shown in figure 1. It will be of value to 
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onsider some of the design details together with the ad- 
antages and disadvantages of the 3 principal designs. 


IVOT TYPE BEARING 


A typical example of a pivot-type bearing is shown in 
gure lc. The radius of curvature of the pivot point is 
.0185 inch and the radius of the jewel is 0.035 inch. 

The metal guide bearing shown in the figure is to limit 
he side motion of the pivot and shaft as the load on the 
1eter is increased above a given value. This side motion 
; due to the combined action of the driving force and the 
amping force of the meter acting to move the disk out 
f the meter air gap. Were the side thrust bearing not 
rovided, the meter element shaft would eventually come 


Table III—Properties of Oils 


in contact with the sleeve and the resulting friction would 
be much greater due to the greatly increased lever arm at 
which the friction would act. The necessity for such a 
bearing comes from the wide range over which modern 
watt-hour meters hold their calibration accuracy and over 
which they may be used without ex- 
ceeding their thermal rating. It is 
possible for a modern watt-hour meter 
to operate for long periods at 400 per 
cent to 500 per cent of rated nominal 
load with good accuracy and no dam- 
age to the meter. 

Interchangeabitlity. In order to in- 
sure interchangeability of the pivot 
and jewel without appreciably affect- 
ing the watt-hour meter calibration, 


eine Sie N ia SN 
it is necessary that the position of the Y ay UX 
disk in the air gap shall not be ma- ¥ q 
terially altered when the bearing is Y i 
changed. The distribution of the WY ZR 


fluxes in the gap is such that both 
the driving torque and the damping 
torque vary with the vertical position 
of the disk in the gap. The speed of 
the watt-hour meter on a given load 
will therefore vary with the vertical 
position of the disk. Figure 13 shows 
an actual curve taken on a standard 
make of watt-hour meter rated 5 


amperes, 115 volts. It will be noted Fig. 11. Cross 
that as the disk moves down from the section of top 
top of the air gap, the meter speeds bearing 


up For an extreme case this change 
may be well over 1 per cent. 

The control of the position of the disk in the gap neces- 
sitates the manufacture of the jewel screw and pivot to 
within a few one-thousandths of an inch. The sapphire 
jewel is subject to dimensional variations due to the 
method of manufacture that makes it necessary to take 
it into account in the manufacture of the brass screw. 

Lubrication. The pivot type bearing requires lubrica- 
tion for the best operation! and provision must be made 
for an adequate supply of the proper lubricant and the 
retention of this lubricant. The jewel screw shown in 
figure 1g provides a deep reservoir for this purpose. 

At low temperatures all oils that are suitable for watt- 
hour meter bearing lubricants increase in viscosity and 


(1)* (2)* (3)* (4)* (5)* (6)* 
Viscosity After Percentage Acidity 
Evaporation Evaporation Viscosity at Per Cent Creepage Corrosion 
Oil Composition Loss, Per Cent at 75 Deg C —40 Deg C Final of Initial Property Protection 
PALS Bhs ciate Mineral and fish oil. OVA Se erie Maree, Ri nartidmshas a OUtIStaCtOrys: soe UMD Sg co we) ..Medium...... Satisfactory 
IBS seca. eis Castor oil**,.... LO aes e SOO a, pie OOLIC sag eo GUS AIs Sly snes OE) eat OO Wisin m On ALD 
Coppers Castor oil** and fish pill . 16.0 .. Solid. . jf Maes SOL (—18 deg ©). emtnrlO Coreen el SO! O.tn eee ints: Satisfactory 
Deve Mineral o1**,..... Pa eno ... Tacky ad aay . . Solid. . ese OL LO tet OOO MPD Eby dt res earoe es Fair 
BS Fairs Mineral oil. dvoieste a OL oe nr Unchanged nicc.on neds a Nose Satisfactory... Heetenc OLS seca 1530 seme Vedi jae: Satisfactory 
DEER ishioil 4s Sirccjer ontoisi os geod 0 . .Substantially unchanged.... Satisfactory... aietehdis eiaitoar a) Osa Gina eure £Os On ves st MOOI Ce acre Satisfactory 


See specifications for details of test method. ** Retarded. 
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tend to retard the rotation of the moving element. By the 
proper choice of a lubricant and by minimizing the area of 
the moving parts (such as the pivot) in contact with the 
oil, the viscous drag can be reduced to the point where 
the operation of the watt-hour meter is not affected over 
a wide range of temperature. 


BALL TYPE BEARING 


Figure ld shows a good example of a bearing using 2 
cup jewels and a small ball instead of one cup jewel and 
apivot. The jewel radius is the same for this construction 
as for the pivot construction but the radius of the balls 
used is approximately 0.030 inch which as shown by 
figure 12 is the upper limit of radius of curvature for 
watt-hour meter bearings. 

The side thrust for this bearing must of necessity be 
taken by the shaft and sleeve. It is necessary to make 
the parts so they will not come in contact until the watt- 
hour meter is operating under a load sufficiently great to 
make the effect of the side thrust bearing friction negligible 
and at the same time not allow the ball to ride out of the 
jewel cup. 

Lubrication. This bearing is operated without lubri- 
cation as the ball is free to move with the sudden appli- 
cation of load or mechanical vibration and constantly pre- 
sents new points of contact to the jewel surface. The 
use of a lubricant in this type of construction is not rec- 
ommended because it introduces an appreciable viscous 
drag at low temperatures which slows down the watt- 
hour meter and is, therefore, objectionable for installations 
where low temperatures are encountered. 


CuP AND CONE TYPE BEARING 


Figure 14 shows a modification of the pivot type and 
the ball type which combines some of the advantages of 
each. The cone is either metal, or sapphire set into a 
metal plug. The friction between the ball and cone is 
greater than between the ball and the lower jewel but still 
is not great enough to prevent the shifting of the position 
of the ball with changes in load and with vibration. 
Added rigidity of the system is obtained by the use of the 
cone and the construction also makes it possible to take 
the overload side thrust on a thrust bearing of small 
radius. 

Lubrication. This bearing should not be lubricated be- 
cause of the viscous drag introduced by the oil at low 
temperatures just as with the ball type with 2 cup jewels. 
Dependence must be placed on the movement of the ball 
to distribute the wear over the surface of the ball rather 
than to rely upon lubrication to reduce the wear to a low 
value. An alloy ball that will meet the specifications 
that have been set up for a pivot or ball material should 
materially increase the life of the bearing over that ob- 
tained with a steel ball. 


Field Tests 


Based on the material covered under the headings of the 
component parts of watt-hour meter top and lower bear- 
ings, the question naturally arises as to the improvement 
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in bearing life that is to be obtained by carrying out the 
improvements in construction, materials, and design. 

Figure 7 shows the results of accelerated tests on one 
bearing combination consisting of the jewel screw shown 
in figure lg, the lubricant oil A, and cobalt-tungsten 
pivots. Figure 7 also shows results for the same combi- 
nation except without the oil run in comparison with high- 
carbon-steel pivots. Many accelerated tests of this nature 
have been run. It is realized, of course, that tests of 
this nature are not the final method of evaluating any 
bearing combination and that actual field tests under 
service conditions offer the final basis for judgment of 
the true value of a bearing. Hundreds of bearings have 
been studied that were placed in meters in actual service 
and the results obtained verify the statements made in 
this paper. While tests have been for but one and 2 
year periods, high-carbon-steel pivots and old designs of 
jewel screws that did not provide oil reservoirs were run 
in comparison and served as controls. The indications 
are that improved lubrication and improved pivot materi- 
als have added years to the life of the bearings by re- 
ducing wear and maintaining more nearly constant values 
of friction. 

While all tests definitely show that proper lubrication 
increases the life of bearings, it has also been shown that 
cobalt-tungsten performs exceptionally well even without 
oil. Experience may prove that cobalt-tungsten pivots 
running on sapphire jewels will give entirely satisfactory 
service without lubrication, but much service data will 
have to be obtained before this question can be answered. 


Summary 


1. It has been shown that the meter bearing problem can be 
rationalized and simplified by careful analysis and that specific 
requirements or specifications can be formulated for each com- 
ponent part. 


2. Definite limitations on the mechanical design result from the 
requirements of low initial and sustained friction of the bearing 
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Fig. 12. Calculated bearing pressure as a function 
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Fig. 13. Varia- 
tion of meter 
calibration as 
a function of 
vertical posi- 
tion of the disk 
in the air gap 
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and the shock resistance requirements. Improved materials, 
therefore, offer the best possibilities for increased bearing life. 


3. Although the hardness of sapphire is considerably lower than 
that of diamond on the new scale of hardness, the high cost and the 
difficulty of working the latter leave sapphire the best material 
available for jewel cups. 


4. Various alloys offer possibilities of improved bearing life but 
an alloy of cobalt and tungsten very definitely shows all around 
superiority to all other materials tested. 


5. Research and development work on watt-hour meter bearing 
oils has resulted in improvements which have made possible a wide 
temperature-range oil with a low evaporation rate for outdoor 
meter installations. 


6. For pivot bearings, tests indicate that best results are obtained 
with a jewel screw that maintains a liberal supply of oil in the 
jewel cup. This is not true for the ball type for which lubrication 
is not recommended. 


7. Improved materials and design may make possible some im- 
provements in watt-hour meter top bearings, but little trouble is 
experienced with them at the present time. 


8. The maximum service for the pivot type bearing is obtained 
by adopting the 3 improvements mentioned in paragraphs 3 to 5 
inclusive of this summary, namely: 


(A) A jewel screw designed to provide a liberal oil reservoir. 
(B) Improved oil suitable for a wide temperature range. 
(C) Cobalt-tungsten pivots which reduce jewel breakage under 


impact, decrease jewel wear, and reduce abrasion in the event of 
the loss of the lubricant. 
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Trends in Distribution Overcurrent Protection 


By G. F. LINCKS 


NONMEMBER AIEE 


OW-COST overcurrent 
| protection on distribu- 
tion systems has com- 
manded the attention of the 
utility industry. New devices 
and applications have opened 
new avenues of thought on 
this phase of distribution prob- 
lems. It is proposed to make 
an impartial presentation of 
the facts pertaining to the 
problem of overcurrent pro- 
tection, from the plug or car- 
tridge fuse on the meter board 
on the consumer’s premises to 
the co-ordination of the main feeder breaker relays with 
those on the transmission system. This presentation, 
by correlating the various trends of thought as they are 
related to the whole overcurrent protection program, 
should assist utility engineers in choosing the one best 
suited to their present and future requirements. 
Continuity and quality of service, protection of equip- 
ment, and low initial and maintenance costs are often 
divergent factors governing the application of overcurrent 
protective apparatus on distribution systems. Where 
the stressing of one necessitates sacrificing another, it is 
important to know all the facts so the most efficient 
balance can be secured. The facts governing such a 
balance will differ somewhat on urban, suburban, and 
rural systems. Of first importance is a knowledge of the 
causes of outages evaluated for different parts of the 
distribution system in terms of some unit for measuring 
the service being rendered the consumer. 


Review of the Causes and Evaluation of Outages 


Protection of consumer service is of fundamental im- 
portance. There is little duplication of equipment on the 
distribution system for reducing consumer outage, and 
so the equipment must be used with the greatest possible 
efficiency. Thus, the protection problem involves the 
handling of fault conditions more with the idea of mini- 
mizing consumer outage rather than from the standpoint 
of protecting the equipment. In analyzing the effect of 
troubles with the idea of using an overcurrent protective 
device to improve the continuity of service, it is neces- 
sary to know the duration of the fault, how often it is 
likely to occur, and the number of consumers affected. 

Consumer minutes of outage, which is conventionally 
used as a measure of continuity is determined from the 
number of consumers affected by any particular outage 
and the length of time for which the service is interrupted. 
The importance of including time is, of course, obvious, 
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The provision of suitable overcurrent protection 
for distribution systems at low cost is an important 
problem, for upon the satisfactory solution of that 
problem depends the continuity of service of a 
great many consumers of electric energy; conse- 
quently, the relations of a public utility company 
with its customers also depend upon adequate ers. 
This paper presents a 
discussion of the various trends in overcurrent 
protection, with the aim of providing for the dis- 
tribution engineer some basis for selecting the 
particular protective system best suited to his 
particular requirements. 


overcurrent protection. 
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P. E. BENNER 


ASSOCIATE AIEE 


although there may be some 
question as to whether it is 
correct to say that a 60-minute 
outage for one consumer is 
equally undesirable as a one- 
minute outage for 60 consum- 


When considering consumer 
outage, attention cannot be 
confined to the outage of any 
one particular consumer or 
group of consumers, but must 
be given to all the outages of 
all the consumers. For in- 
stance, it might be possible to 
reduce the outages of a small group of consumers at the 
expense of increasing the outages for a larger group of con- 
sumers. This, of course, would be generally undesirable 
but nevertheless it can easily happen if one does not have 
a thorough knowledge of all the factors involved or if one 
places emphasis on just one part of the system without 
correlating it with the whole system. 

A major factor in the efficient application of protective 
equipment is the relative percentage of temporary versus 
permanent outages which occur on that particular part 
of the system. Temporary outages usually refer to fault 
conditions which will clear themselves with the interrup- 
tion of power and before the first or second reclosing of 
the breaker or fuse cutout, whereas permanent outages 
are those which require the attention of a line crew. 
Temporary outages would ordinarily be of less than one 
minute duration, whereas a study of the records of a 
number of operating companies shows that faults which 
require the attention of a line crew last anywhere from 
several minutes up to several hours and average some- 
thing like 45 minutes. 


— 


Outage Records . 


Outage information is an indication of the type of 
service being rendered. However, to be usable in system 
design, the outage data should be segregated into those 
parts of the distribution circuit which might be sectional- 
ized, such as main feeder, branch feeder, distribution 
transformer, and secondary. Another important segre- 
gation should correspond to the nature of the area and the 
load served. For instance, line outage data on rural 
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ders should be kept separate from that on suburban 
urban feeders. 

ane data are usually given in terms of outages per 
adred miles per year. Transformer and secondary 
ages, on the other hand, are given as the per cent of 
number of transformer installations or as the number 
' 100 transformers per year. ; 

An analysis of the outage data of a number of operating 
mpanies, some of which is given in table I, shows that 
» number of outages on primary lines varies from only 
ew to as high as 70 or 80 per hundred miles per year. 
e per cent of these faults which are temporary also 
ries over a wide range. Trees are a very important 
ise of line outage. Conditions between various locali- 
s differ greatly in the possibility to trim or avoid trees, 
ich accounts for the smaller number of outages per 
ndred miles on many rural lines as compared with 
9an or suburban feeders on the same system. 

Lightning is still of major importance as a cause of dis- 
bution-transformer outage due to the large number of 
ler transformers still in service, to the omission of 
htning arresters, etc. Fuse blowing and transformer 
tnouts due to lightning have been greatly reduced by 
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e interconnection of the lightning arrester grounds 
th the secondary neutral. This, and the present trend 
ward connecting the lightning arrester so the discharge 
rrents do not pass through the fuse link, has tended to 
prove the undesirable situation in which the prevalence 
lightning dictated the use of fuse-link ratings larger 
an might otherwise have been selected. 

In analyzing the distribution transformer and secondary 
tage data from which table I was obtained, it is found 
at the number of outages accompanied by transformer 


burnouts is relatively small. For instance, of the dis- 
tribution transformer and secondary outages tabulated, 
the transformer burnouts occurred with only 12.5 per 
cent of the total outages due to lightning (0.256 per 100 
transformers average), 6.4 per cent of the total outages 
due to secondary faults and miscellaneous (0.255 per 100 
transformers average), and 30 per cent of the total out- 
ages due to overload (0.091 per 100 transformers average). 
These figures demonstrate the overcurrent protection 
afforded the distribution transformer by the primary fuse. 

As is to be expected, there is a wide variation in the 
frequency and nature of outages for the various companies 
which emphasizes the necessity of each company main- 
taining outage records for its own particular use. If a 
company attempts to make use of an average value as 
indicated from a study of the records of other companies, 
a type of design might result which would not be at all 
suitable for the particular condition under which the 
system operates. 


Consumers Affected 


The number of consumers affected by a fault accompa- 
nied by the functioning of some overcurrent protective 
device varies from one to all those on a feeder or perhaps 
even more if the feeder breaker relay is not properly co- 
ordinated with devices between it and the source of supply. 
With the usual type of construction, trouble occurring 
anywhere from the consumer service fuses to the trans- 
former primary fuses involves all the consumers on the 
particular transformer. This varies from one consumer 
in the case of rural areas to over a hundred, and averages 
from 25 to 40 for the usual type of urban residential con- 
struction. The number of transformers on any particular 
primary branch varies from one or more, in the case of 
single-phase branches, up to 100 in the case of 3-phase 
branches. Trouble on branch circuits may, therefore, 
involve from one up to 1,000 or more consumers. In 
the case of feeders and branches having a higher per- 
centage of residental consumers, fairly accurate estimates 
of the actual number of consumers can be obtained by 
multiplying the peak load in kilowatts by 4. This ap- 
plies when the kilowatt consumption of the consumers in 
the area considered averages 600 kw or 700 kw per year. 

In studying a distribution system with the idea of re- 
ducing the consumer minutes of outage, it is usually im- 
portant to know the relative importance of troubles on the 
primary lines, in the distribution transformer, and on the 
secondary lines; with respect to which causes most of 


Table I—Outage Data for 2,400/4,160 Y Volt Distribution Circuits 


Company 1 2 
al outages due to line troubles (urban) per 100 miles of line... .29.1 -13.5 
al outages due to distribution transformer and secondary 
-oubles (per 100 distribution transformers).................- 7.2 5) a es 
al outages due to lightning (per 100 transformers)........... 2.02 . 0.86.. 
al outages due to secondary faults and miscellaneous (per 
DOLECANISLOLITIETs) Sree tharos cis © cleheleasiare pueden snoncveraiel a) ekeka,ckelie iyeial'es 4.54 3.08.. 
al outages due to overloads (per 100 transformers).........-. 0.065 0.16.. 
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3 4 5 6 7 8 9 Average 
wyereve £108) wise cOOe Lo cena Oye nen moe .40.1 . 29.3 2.5 ....27.04 
wits Sik Melarate O20) aicle eS) L es 0.9 GaSe. CHU Rn cemey BEGT Aras (5s; 

6 ee node west ann ¢ Mur 0.298 1.67. 0.09. BiOdueisre 2000 

6:0) 55.3 3.64.4 > 3:48), 0.612 6.11. 2.70. 5.68.... 3.98 

ONTO: O2nen- (OLb 7c 0.0 0.02. 0.21. 0.35.... 0.304 
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the consumer minutes of outage. Figure 1 shows graphi- 
cally the probable range in percentage of consumers 
affected by faults on the various parts of the system for 
the more generally used types of radial feeders. 

Table II, lines 1 and 2 show a study of the ratios of 
permanent line outages to distribution transformer and 
secondary outages for the various companies whose out- 
age data are given in table I. The number of transformers 
per mile is also given in line 3 of table II, so that a direct 
comparison may be made between them on the same 
basis as in lines 4 and 5. These point conclusively to the 
importance of primary line trouble as a cause of consumer 
minutes of outage. This is confirmed by figure 2 which 
gives the actual records in percentage of consumer minutes 
outage for the different parts of two utility companies’ 
systems. The comparisons of lines 4 and 6 show that 
a reduction of one-half the length of line decreases the 
effect of permanent line faults in transformer outages to 
1/,, whereas lines 5 and 7 show it only decreases the 
effect of transformer and secondary faults on transformer 
outages to 1/9. 

Therefore branch-line fusing or other sectionalizing 
of the line to confine the effect of faults to smaller areas, 
not only attacks the problem at one of the most important 
causes of consumer minutes outage, but also produces a 
greater reduction per protective unit installed. The 
growing interest in the co-ordination of line protection is 
a natural outcome of an understanding of these facts. 


Time-Current Characteristics 


The co-ordination of overcurrent protective apparatus 
to reduce to a minimum the number of consumer-minutes 


mechanically and extinguish the arc (see figure 3 ?’ 
E?'’); for fuse links (more especially those used on 
primary lines) they are (1) the time to melt the fuse li 
and (2) the time to extinguish the arc (see figure 3 B’’ — 
B’’’). Both are essential for the proper co- ordination: { 
protective apparatus. The device farthest out on the 
line must clear the circuit (total clearing time figure 


Fig. 2. Diagram- 


matic representa- 
tion of the outage 
record of 2 com- 
panies 


1S 
50 


37.6 
PER CENT 
TRANSFORMER 
AND SECONDARY 


PER CENT OF DISTRIBUTION SYSTEM OUTAGES 


source of supply melts or the electrical cycle of the relay 
is completed (figure 3 E’, E?’, 3’). 


CIRCUIT-BREAKER RELAYS 


The earlier designs of relays of the plunger type fune- 
tioned almost instantaneously or with a slight time delay 
where a bellows attachment was provided. The. in 
duction relay was developed at a comparatively early 
date in order to meet operating requirements, necessitat- 


Table II—Comparison of Permanent Primary Line Outages With Distribution Transformer and Secondary Outages 


Company 1 2 3 4 5 6 tf 8 9 
1....Permanent line outages (per 100 miles of lines)........... 0.0... cee eeeeececes VES OVG p erecta? cogs eAay Se 35:0. 40214) “ae DO 204 ee lee 
2....Distribution transformer and secondary outages (per 100 distribution trans- ; 

FOLIMELS) seer at Pap Tein PRs ara eTae os poke She RRA Re oe cases toad, MEE cole repose hee ay Pie: SO We ries Co PY f O63: Sl ios 010g Ome eee 11.6 
Smee ecLratishOLmers MeL Mle yearn ete cele sc leuchacerotie neers. + oecatelere vucmiel pacers lee eee TAO) eee Or Ounce Locehd eneecowaen a cote LOSS rr ire CO) oa eee 8.9 
4....Transformer outages for one mile of line due to permanent line faults.......... LQ ire SOUT Gis A Os48 tera antes DSip i Sy Aceh too 3:58 ects see 0. 
5....Transformer outages for a one-mile line due to transformer and secondary | 

CETTE SEP ee LT Et ie AR AD aL een ee ROPE Ese aS as Ee tse Ce O;8625te OSI Le Se eae O'S 77. ane O:63iei ee ee 1.0: 
6....Transformer outages for a 1/2-mile line due to permanent line faults............ O: S05 O22 Olen. LO. Soiseatcanes scene OSSnneeoucceee 0.69% 2. hee eee 0, 
7....Transformer outages for a 1/:-mile line due to transformer and secondary ‘ 

PALIT Le acer et RCIERE CCR TROVE CEE OTRG CE ee Cron ETN Ona eNerC CCR ark een, eomenterre 0.43... .0.20 OSB wat cae OY: Ce Seay Oe O31 Ne onceeeeee 


outage on distribution circuits, is based on the correlation 
of their time-current characteristics. These are usually 
plotted as curves so as to show the variations in the shape 
for different types and ratings of apparatus. This is 
important as the comparison of one or 2 points may not 
insure proper co-ordination over the complete range of 
fault currents that can occur in the section protected. 
The fault currents will vary with the total impedance of 
the line, the connected apparatus and the fault. 

The total time to clear the circuit is comprised of 2 
parts for most protective apparatus: For circuit breakers 
these parts are (1) the time to complete the electrical 
cycle of the relay and (2) the time for the breaker to open 
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ing greater time delay to permit a wider range for ¢ 
ordination with the current-carrying and current- “inter: 
rupting characteristics of other apparatus further out on 
the line. These have been adopted quite universally. 
The induction relay curves have the inverse time- current 
characteristic of figure 3 E’ or the very inverse time 
current characteristic of figure 3 EH?’ The latter provide: 
a sharper knee which is especially valuable at the lov 
time lever settings, where the less inverse curves tend te 
approach the fuse link curves at the low currents. . 
Attachments are available for induction relays to permit 
instantaneous completion of the electrical cycle at any 
desired current. The use of this attachment allows 
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A—Household plug or cartridge fuse 
rated at 30 amperes 
B—Fuses rated at 10 amperes in primary 
leads of a distribution transformer 
SUBSTATION B’—Time-current characteristic curve for 
iS fi 2 A 

75 per cent of melting time to factor 
operating and manufacturing variables 
B’’—Melting time-current characteristic 
curve 
B’’’ Total clearing time-current charac- 
teristic curve 
C—Branch line sectionalizing fuse rated 
at 30 amperes 
Cr Ci. C’"'—Same as B’, BY, and Bus 
respectively 
D—Branch line sectionalizing fuse rated 
at 50 amperes 
Di Da D’'’—Same as Be BY’ and Bae 
' respectively 
E—Feeder oil circuit breaker and relay 
(minimum pick-up, 200 amperes) 
E’—Inverse relay (number 1 time lever 
, setting) 
E*’_VVery inverse relay (number 1 time 
lever setting) 

E*’’__COpening of oil circuit breaker 
E*’_\VV/ery inverse relay (number 10 time 
lever setting) 
E*’’_Instantaneous attachment on relay 
function 
E*’""__Opening of oil circuit breaker $ 
F—Protective device on incoming trans- 
mission lines 


4 10 100 1000 3000 ; 
PRIMARY AMPERES — EFFECTIVE VALUES F’—Very inverse relay (number 1 time 
g. 3. Co-ordinated time-current characteristics of protective devices on a typical lever setting) 


distribution circuit [gira 
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OF BLOWING AND HEAT- 


| ING BY NEMA 


igher time lever settings (figure 3 H*’), which makes 5 MINUTES 
ossible a greater time-current range for other protective 
oparatus on the distribution system. The instantaneous 
ick-up at high currents (figure 3 £%’’), will prevent dis- 
ibution system faults from blowing the fuses of figure 
F’’ or operating the relays of figure 3 F’ on the trans- 


a 


PLUNGER-TYPE 
ission side of the substation. w : Gane ereaienic 
RIMARY FUSE CUTOUTS AND FUSE LINKS S ! 

As one phase of the marked improvement that has 3] SECONDS 

2en incorporated in primary fuse cutouts and fuse links?, is 

we time-current characteristic curves for fuse links 1 

ere made more inverse so as to permit closer co-ordination | | SECOND 

ith the induction relay. Of more recent date, a further INVERSE RELAY 
aprovement figure 4 has resulted from an engineering Se \ “(Cowesr Tae a 
udy that took into consideration the 100 per cent con- LEVER SETTING) 
nuous current carrying ability of the fuse links and 

touts, the motor starting demand currents figure 4A, FUSE-LINK 

ie plunger type and the induction relay characteristics Cretien CEN Sastae e le 
yure 4H and D, and the current-interrupting ability of MELTING TIME) 


ie fuse cutouts. 


MAXIMUM CURRENT 
TO WHICH FUSE- 
e LINK CAN BE 
PROTECTED 


SCONDARY FUSE CUTOUTS AND FUSE LINKS 


The use of secondary fuse cutouts while not new, has 
uly. very recently come into prominence because of the 


iprovement made in the designs available. A large ie dova 
it of this improvement has resulted from making the Fig. 4. Curves showing scientific development of 
me-current characteristics of the fuse links identical universal cable-type fuse links 
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to those for the latest designs of primary fuse links figure 
4. This similarity enables a closer co-ordination between 
the secondary and primary. 


PLUG AND CARTRIDGE FUSE CHARACTERISTICS 


The household plug and cartridge fuse, commonly used 
at the meter boards on the consumer’s premises, has been 
a merchandised product that rarely entered into the dis- 
tribution engineer’s problems. The rapid increase in 
residential loads, especially due to ranges and water heat- 
ers, has so raised the ratings of these fuses used with the 
relatively low kva transformer ratings, that a knowledge 
of their time-current characteristics has become a vital 
factor. To date, the different manufacturers of plug or 
cartridge fuses, of the renewable or nonrenewable type, 
have complied with the specifications of the National 
Electric Code and the Fire Underwriters’ Laboratories 
which state: 


“Rating. Fuses shall be so constructed that with the surrounding 
atmosphere at a temperature of 24 degrees centigrade they will carry 
indefinitely 110 per cent current without causing the tubes to char 
or externally visible soldered connections to melt. 

“Temperature and 110 per cent current tests shall be made simul- 
taneously. 

“With a room temperature between 18 and 32 degrees centigrade, 
fuses starting cold shall blow on 150 per cent current, without caus- 
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Fig. 5. Total clearing time-current characteristics 
of typical plug and cartridge fuses 


Curves are based on tests at normal rated voltage 
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melt, within the times specified below. 
| 
— 


O=- BO AMPELES soc .0 jr eo ololekalere rea. enepbye levelenets \slieleysl o/s) sNievelnialeteny 1 minute 
Meta 2 minutes ; 
. 4 minutes 


31- 60 amperes... 
61-100 amperes..... 
101=200camperes nearer ere iene = . 6 minutes 
201-400 amperess yn. clie sie ie tiene eek nent tore ....12 minutes 
40 1=60 Oar peres'a js 6iccies sve ear cap ches oho: Bie oilaral ater ol ste Yate eike leche stents 15 minutes 


+ 


“Tn the 150 per cent rating test, only one fuse shall be tested at 
a time.”’ 


Except for these specifications, as quoted, no other 
published information has been available. ; 
Recent studies have shown a rather wide variation 


ing the tubes to char or externally visible soldered connections t 
between the curves of fuses of different manufacture. 
: 


I 
Fig. 6. Transformer and in- — 10,000 
ternal breaker time-current TH I | 
characteristic curves ia . | 


A—Recommended time-load curve 4 


for a 10-kva transformer | 


B—Secondary breaker curve, with 1000 t 
breaker mounted in transformer oil t C 
(setting similar to that used in 
practice) 
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| 

50 100 1 
However, generally these all have an inverse-time-current 
characteristic, figure 5, quite similar to that of the fuse 


links and induction relays used on the primary and sec- 
ondary lines. 


Transformer Time-Load Characteristics 


Heretofore transformer protection has been a problem 
of overvoltage rather than overcurrent. The inter- 
connection of the lightning arrester ground and secondary 
neutral has so greatly reduced the failures caused by over- 
voltage, that those caused by overcurrent appear mor 
important. This is accentuated in some places by th 
desire to increase the average loading of the transformers. 

A recommended time-load curve for distribution trans- 
formers has been prepared by the AIEE and ASA as a 
guide (see figure 6A plotted for a 10-kva transformer). 
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Fig. 7. Time-current characteristics of recloser and fast-blowing universal cable-type fuse links for enclosed, open, 


and drop-out cut-outs rated at from 50 


(a)—First opening of recloser and total clearing time for fuse links (fuse 


link curve must be to left of recloser curve for proper co-ordination) 


(b)—Curves for 50-ampere recloser and melting time of 
fuse links 


A—First opening of a typical recloser 


is curve has the backing of a large group of utility and 
anufacturing engineers. In this analysis we are more 
terested in the shape rather than the exact positioning 
this curve with respect to current and time. 

The recommended transformer time-load curve (figure 
/) has an inverse time-current characteristic. The 
rve has much less slope, especially at the low-current 
ig-time end, than is provided by the induction relay, 
e primary and secondary fuse links, or the household 
ug and cartridge fuses. 


he Low Voltage Breaker 


The time-current characteristic curve for the low- 
Itage breaker recently developed for household appli- 
tion is slightly less inverse than the induction relay and 
e fuses whose characteristics have to be co-ordinated with 

The breaker characteristics were made to co-ordinate 
th the fusing of the wire used in buildings so as to 
ord the maximum fire protection. 


‘;CONDARY BREAKERS IN DISTRIBUTION TRANSFORMERS 


A breaker has been developed for use inside the tank 
distribution transformers. It is mounted so as to ob- 
in some of the heating characteristics of the transformer 
d has a time-current characteristic curve figure 6B 
at approaches the transformer time-load curve at the 
w-current, long-time end and is more inverse (much 
ster) at the high-current short-time end. The average 
ype is less than for induction relays and the fuses. 
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to 100 amperes and from 5 to 15 kv 


B—Equivalent heating of fuse link by current during all 
operations to lock-out of the recloser, and taking into 
account the cooling for that part of the cycle during which 

no current flows 


C—Equivalent heating, but including a factor for operating 
variables 


CHARACTERISTICS OF CIRCUIT RECLOSERS 


The circuit recloser is a recent development designed to 
provide low-cost reclosing circuit breaker operation for 
rural or troublesome branch lines where there are a high 
percentage of temporary faults. The time-current char- 
acteristic curves figure 7A for the recloser are similar to 
the characteristics of plunger-type relays. 

Another factor is introduced by the recloser, namely, 
that of the time to reclose. During the interval after the 
arc has been extinguished and until the contacts have re- 
closed, relays connected in series will partially or completely 
reset to the normal position and fuse links will tend to 
cool. Thus the resultant effect of the periods when 
current flows and no current flows must be considered in 
co-ordinating the recloser with other protective apparatus 
so as to permit the recloser to lock out before the relay 
functions or the fuse links are partially melted. The 
curves figure 7B and 7C factor the cumulative heating of 
fuse links. 


THE PROBLEM OF CO-ORDINATING THE CHARACTERISTICS 


In most cases, existing conditions impose a definite 
range of time-current characteristics within which all 
overcurrent protection on the distribution system must be 
obtained. The curves figure 3 represent the condition in 
existence on a high percentage of distribution systems in 
the country. The maximum limit is the highest possible 
setting of the feeder breaker relay E that will permit co- 
ordination with the relay F’ or fuse F’’ on the transmission 
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side of the substation. Quite often the range can be 
increased by the use of the instantaneous attachment 
on the induction relays of the feeder breakers set to trip 
at currents E*’’ below those which will trip the trans- 
mission relay F’ or blow the fuse F’’. In order to 
confine the effect of faults to the minimum number of 
consumers, the time-current characteristics of the fuses 
at the sectionalizing points C and D, at the transformer 
installation B, at the meter board on the consumer’s 
premises A, and at any other points on the system, have 
to be squeezed in the range to the left of the feeder breaker 
relay curve LE, so that each is co-ordinated with the other. 
It is frequently found that there is not a sufficiently wide 
range to the left of the feeder breaker relay curve E to 
permit the installation of all the protective devices desired 
on the distribution system. It, therefore, becomes a 
matter of choosing the ones which will provide the great- 
est reduction in average consumer minutes outage for 
the whole system, with, of course, the economics of the 
particular circuit kept fully in mind. 


The Household Fuse and Breaker 


The plug and cartridge fuses located on the meter 
board of the consumer’s premises are becoming a factor 
to be considered. Their time-current characteristics 


{00 


may determine the lower side of the range available for 
distribution overcurrent protection. This has become 
increasingly true where the higher rated household fuse 
are used for installations supplied through the smaller sizes 
of distribution transformers. For instance, the 60- 
ampere cartridge fuse, figure 8A’’, usually used on service 
feeding ranges and hot-water heaters requires 2 times the 
full-load secondary current of a 10-kva transformer (220- 
to 250-volt winding), 4 times the full load current of 
5-kva transformer, and 7 times the full-load current of 
a 3-kva transformer to blow within 2 minutes. To 
co-ordinate the primary fuse links with this 60-amper 
household fuse, without any other secondary protective 
devices in the circuit, necessitates the use of minimum 
primary fuse-link ratings of approximately 15 amperes 
for transformers having a 10 to 1 ratio, 5 amperes for 
transformers with a 20 to 1 ratio, and 3 amperes for trans- 
formers having a 30 to 1 ratio, regardless of whether the 
rating of the transformer is 3, 5, or 10 kva. Figure 

shows the effect of superimposing the 60-ampere car- 
tridge fuse and the 15-ampere primary fuse link on th 
curves of figure 7 shaded. As a high percentage of urban 
distribution circuits use 2,400 to 120 and 240-volt dis- 
tribution transformers for serving residential loads, 
this may present an overcurrent protection problem for 
a great many systems. A factor in this problem is the 


A—Household plug and cartridge fuses 


A'—30-ampere rating ts 
A’’—60-ampere rating 

B—Fuses in primary leads of distribution 
transformer 

B’—10N ampere rating 

B’—Time-current characteristic curve for 

75 per cent of melting time to factor wo 
operating and manufacturing variables 2 
B’’—Maelting time-current characteristic 9 
curve Y 
B’’’_Total clearing time-current charac- 
teristic curve : 
C—Branch line sectionalizing fuse rated 

at 30 amperes 

D—Branch line sectionalizing fuse rated 

at 50 amperes 0.I 
E—Feeder oil circuit breaker and relay 
E*"_Very inverse relay (number 1 time 

lever setting) 

E*’_VVery inverse relay (number 10 time 

lever setting) 

E*’’_Instantaneous attachment on relay 
functions , F 0.01 
F—Protective device on incoming trans- 4 fe) 


mission lines . . 
F’—Very inverse relay (number 1 time 
lever setting) 

F’'_Fuse | 
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100 1000 3000 

PRIMARY AMPERES — EFFECTIVE VALUES 

Fig. 8. Time-current curves for 60-ampere household cartridge fuse and 15-ampere 
primary fuse link superimposed on curves of the conventionally co-ordinated system 
of figure 3 
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ig. 9. Time-current curves for unit-type distribution transformer superimposed on curves of the conventionally 
co-ordinated system of figure 1, showing comparative use of range available for distribution protection 


robable frequency of faults, occurring, now and later, 
n the short comparatively new wiring or in the range 
r water heater fed directly through the 60-ampere fuse. A 
ge majority of the faults should occur on the other 
ouse wiring, and should be isolated by lower rated branch 
ises, provided these fuses are not short-circuited mali- 
ous or otherwise. On the higher-voltage systems, 
1e 60-ampere cartridge fuse or equivalent breaker is not 
ich a limiting factor, except in cases where other 
-condary protection is introduced into the problem. 


rotection on Secondary Circuits 


The protection on secondary circuits from overcurrent 
ults involves a number of different factors including not 
aly the continuity of service, but the quality and the 
‘otection of equipment. Overcurrent protective devices, 
ich as fuses, are installed at the points where the individ- 
al service entrances are connected to the main secondary 
rcuit, so as to: 


at? op 


Isolate old and faulty installations. ‘ 


hs 
Protect against outages from services through buried cable. 


Isolate services where pennies are inserted behind plug fuses. 


The insertion of an overcurrent protective device at 
e individual service entrance may or may not necessitate 
ing more than a justifiable share of the range available 
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for protection on the whole system. This depends upon 
several factors. A low rated household plug or cartridge 
fuse and/or a high transformation ratio makes available 
a greater range for protection at the service entrances. 
It will be readily apparent that a protective device such 
as a fuse, having a time-current characteristic similar in 
shape to the household fuse and the fuse link on the pri- 
mary of the transformer permits the closest co-ordination 
and thus requires the least range for its insertion. If 
the introduction of a protective device in the service 
entrance lead necessitates increasing the fusing on the 
primary of the transformer, an analysis may show the ad- 
vantages secured for a few consumers have increased the 
average consumer minutes outage for the whole system. 
For example, if the insertion of a secondary fuse cut- 
out in the service leads to confine outages to individual 
consumers necessitates substituting a 20N ampere primary 
fuse link for the 15. ampere rating, figure 8B, it cannot 
be co-ordinated with the 30N ampere sectionalizing 
fuse link, figure 8C. Substituting any higher rating for 
the 30N ampere link, in turn, requires the replacing of 
the 50N ampere rating, figure 8D, with a larger fuse 
link which then cannot be co-ordinated with the relay, 
figure 8H. If the relay setting cannot be changed, 
either the 30N or the 50N ampere sectionalizing fuse 
links must be omitted. Then each fault on that portion 
of the primary line will cause an outage to a larger number 
of consumers, totaling a great many times those securing 
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improved service. The average consumer minutes 
outage for the whole system will, therefore, be increased. 

The improved lightning protection afforded by the 
interconnection of the lightning arrester ground with the 
secondary neutral has greatly increased the relative im- 
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Fig. 10. Co-ordination of time-current curves for 

 30-, 45-, and 60-ampere household fuses with those 

for the time load of 3-, 5-, 7.5-, and 10-kva dis- 
tribution transformers 


A—30-ampere plug or cartridge household fuse 
B—45-ampere plug or cartridge household fuse 
C—60-ampere plug or cartridge household fuse 
D—3-kyva transformer time load 

E—5-kva transformer time load 

F—7.5-kva transformer time load 

G—10-kva transformer time load 


portance of overcurrent protection for distribution trans- 
formers. Augmenting this relative importance is the 
desire in some places for higher loading of distribution 
transformers. New applications of overcurrent pro- 
tective devices are involved in attempts to meet these 
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Three major 


changing conditions and requirements. 
trends in thinking have developed as a result: 


1. USE OF SECONDARY PROTECTION FOR 
HIGHER LOADING 


Much attention has been and is being given to the use of a 
secondary protective device supplemented by an overload 
indicator, to serve as a stop gap against excessive decreas e 
in the life of the transformer so as to permit increased 
loading at distribution transformers. Such protection 
must be over the complete range of excessive currents 
These vary from long-time, overload currents which are 
repeated often to the less frequent short-time high short- 
circuit currents. 

In figure 9, the transformer time-load curve G is drawn 
with the corresponding internal secondary breaker H and 
the internal fuse J superimposed on the (shaded) curves 
of figure 8. In studying the effect of time-load curve G 
on the whole protection problem, the important consider- 
ation is the flatter slope of the curve, which may make the 
protective devices curves H and I co-ordinated with it, 
occupy too great a portion of the available range for 
protection on the entire distribution system. If pro- 
tection is afforded the transformer by a secondary pro-. 
tective device having a time-current characteristic curve 
identical to or at least closely approximating the trans- 
former time-load curve G, the internal primary fuse J’ or I'” 
must be rated much higher than the normal fusing practice 
B so the breaker H’’ will open first and without damage 
to the fuse J’ or I’’.. The attendant decrease in the avail- 
able range may prevent any sectionalizing of the primary 
lines as indicated in figure 9. The economics of thi 
situation depend wholly upon the degree of protection 
which can be afforded transformers and the actual number 
of transformer burnouts saved thereby. Against this 
must be balanced the increase—or the inability to effect 
future decreases—in the consumer minutes outage resulting 
from the utilization of a major portion of the available 
range for protection on the whole distribution system for 
protecting the transformer. 

For example, consider the degree of protection which 
can be afforded transformers using as a basis the recom- 
mended transformer time-load characteristic curves, 
figure 10D, E, F, and G (for the 3, 5, 7!/2, and 10-kva 
ratings, respectively). As shown in figure 10, these 
curves cross the curves for the household fuses 
A, B, and C (30-, 45-, and 60-ampere ratings, respectively) 
due to the dissimilarity in the slopes. Thus any attempt 
to secure complete protection involves having the second- 
ary protective device interrupt service for all the con- 
sumers fed by the transformer for any fault on individual 
consumer’s premises of such magnitude and duration that 
when plotted on figure 10 the point lies to the left of the 
fuse curves A, B, or C and to the right of the transformer 
curves D, E, F, or G. 

Complete protection involves a further increase in ) 
consumer minutes outage. Any lesser degree of pro- 
tection means some decrease in the life of the transformer. 
Therefore, using the recommended transformer time- 
load curves figure 10 as a basis, it is necessary to strike 


H 
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. balance between the permissible increase in outages and 
he degree of protection deemed necessary for the trans- 
ormer, just as has been done for years in choosing the 
imary fusing practice. 

There is another factor entering the problem; namely, 
he equipment available and its ability to afford pro- 
ection to the transformer. Breakers are mounted in- 
ernally in transformers below the oil level to obtain a 
ortion of the heating characteristic of the transformer. 
Towever, curve C’’, figure lla approaches but does not 
juite equal the flatter transformer time-load curve B, 
igure lla, at the low current long-time end. The breakers 
re usually set to trip so the curve C’’ is well to the 
ight of the transformer time-load curve B at the low 
urrent long-time end. Even the overload indicator 
rips on curve C’, to the right of the time-load curve B. 

The primary and secondary fuse links have more inverse 
ime-current characteristics D, E, F, figure 11b, than the 
ransformer curve B, figures 11b and c, and the breaker 
urve C’’, figures lla and c. Thus in general the primary 
x secondary fuse link affords a slightly lesser degree of 
rotection to the transformer than the breaker at the 
ow current long-time end as shown by the shaded portion 
‘ of figure llc. An exception to this is shown by the 
haded portion Y, figure llc, indicating a range where 
he fuse link affords better protection. Comparing the 
urves D and F, figure 115 with the curve E shows that 
he primary and secondary fuse links, respectively, will 
fford an equal degree of protection to the transformer 
ssuming both halves of the secondary are equally loaded. 


11. Curves showing 10,000 


The secondary fuse link or protective device can be used 
to afford a greater degree of protection without decreas- 
ing service continuity only where it can be co-ordinated 
with the household fuse and the primary fuse link with- 
out increasing the fusing practice on the primary. 


2. BETTER PRIMARY FUSE PROTECTION 
WITH INCREASED TRANSFORMER CAPACITY 


Some distribution engineers are giving consideration 
to the economics of affording complete, or very nearly 
complete, protection to the transformer by installing 
larger transformers and fusing on the primary at a mini- 
mum value which will not cause unnecessary outages 
from overcurrent surges. They are thinking in terms 
of having the improved regulation and the saving due to 
decreased transformer burnouts and the omission of 
extra protective devices pay the interest on the increased 
investment for the greater installed transformer capacity. 


3. USE OF PROTECTIVE DEVICES AND 
SECONDARY BANKING FOR HIGHER LOADING 


Increasing attention is being given to the protection of 
the transformer with normal low primary fusing practice 
and with the banking of transformers to take advantage 
of the diversity of loads on individual transformers to 
reduce extremes of loading which also improves the 
instantaneous regulation. 

The protective devices are connected in the secondary 
lines at sectionalizing points between adjacent trans- 
formers, which are tied solidly to these lines. Outages 
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from transformer or secondary faults are isolated to the 
consumers fed by the one transformer. It is not funda- 
mentally important to burn off secondary faults in order 
to obtain successful operation. The resulting permissible 
low rating of the secondary and primary protective devices 
affords generally normal overload protection to the trans- 
former and no decrease in the range available for protec- 
tion on the primary lines. The co-ordination of the house- 
hold and secondary fuses can be close since only a maxi- 
mum of approximately 50 per cent of the current through 
the household fuse passes through the secondary fuse link. 

In some cases the protective devices are placed in the 
transformer secondary leads and the secondaries of ad- 
jacent transformers are tied solidly together to isolate 
faulty transformers without interrupting service. Faults 
on the secondary lines or service leads then affect all the 
consumers on the particular secondary circuit by causing 
low voltage or the complete loss of service, due to the 
opening of the secondary protective devices on several 
or all of the transformers banked on the circuit, known 
as cascading. The successful operation of banking through 
protective devices in the transformer leads requires that 
the majority of the secondary faults clear themselves. 
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Burning a fault clear, demands that secondary and prj. 
mary protective devices allow the full use of the trans. 
former thermal capacity which involves all of the prob. 
lems just discussed as attendant upon the use of secondary 
protection for the higher loading of individual transformer, 
A similar compromise must be made between overload 
protection and service continuity. The higher rating 
of the protective devices reduces the available range for 
the protection on the primary lines. ) 

The foregoing consideration of the trends in thinking 
on solutions for the overcurrent protection of distribution 
transformers has shown that it evolves into a decision on 
the relative value of protection to the transformer versus 
present and future improvements in service continuity 
for the system as a whole. The success of an operating 
practice intended to reduce the number of consumers 
affected by each fault and decrease the length of each 
outage, centers about the ratings of the fuses required on 
the primary of the distribution transformers. Schemes 
for reducing outages due to secondary faults, decreasing 
transformer burn-outs with increased loading, and im- 
proving regulation, should be used with caution if they 
require increasing the primary fusing practice. Where 
higher rated fuse links are necessitated in the primary 
leads of the transformer, the available range is decreased 
for existing or future protection on the primary lines 
against the major causes of consumer minutes outage. 


4 
; 
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Fusing Transformer Primaries 


Among the various trends in thinking, consideration 
is being given as to whether transformer primaries should 
be fused with nonrenewable fuses mounted inside the 
transformer case or with external renewable fuse cut-outs, 
or whether they should be fused at all. 

Nonrenewable fuses, so called ‘“‘weak links,’ are mounted 
inside transformer cases to permit connecting internal 
gaps on the line side of the fuses and/or to make the trans- 
former. and its protective apparatus one unit. Because 
they are nonrenewable and in blowing will carbonize the 
insulating oil, the rating of the fuses must be greatly in- 
creased, see curves I’ or J’’, figure 9. Internal fuses 
should blow only in the case of a transformer failure. 
Fuse blowing otherwise would damage and necessitate 
the removal of good transformers. The higher primary 
fusing may decrease the range available for protection 
on the primary lines as in figure 9, J’, J’... The lack ofa 
secondary protective device requires the moving of the 
curves J’ and J’’ still further to the right to prevent un- 
necessary blowing. This may even prevent proper co- 
ordination with the fuses or breaker relay on the primary 
lines, especially where the fuse ratings or relay settings 
for line protection are very low on long rural circuits so 
as to interrupt the flashover of external gaps installed on 
the transformers for lightning protection. In either case, 
a probable increase—or prevention of future decrease— 
in the average consumer minutes outage should be an- 
ticipated. 

Modern distribution fuse cutouts and renewable fuse 
links with their background of over 14 years of intensive 


ELECTRICAL ENGINEERING 


—Household plug and cartridge fuses 100 
—30-ampere rating 
‘—60-ampere rating 


Fuses rated at 15 amperes in primary 
ds of distribution transformer 
’—Total clearing time-current charac- 


istic curve 
—Branch line sectionalizing fuse rated 


B 
a ff : ie 
S SHADED LINES 


30 amperes 


2400 TO 240-VOLT CIRCUIT | 


—Branch line sectionalizing fuse rated 


5O amperes 


eet ? 


Feeder oil circuit breaker and relay 


—Very inverse relay (number 1 time 
er setting) 


—Very inverse relay (number 10 time 
er setting) 


ii 


SECONDS 


‘—Instantaneous attachment on relay 


-+ 


ictions 


ae 


-Protective device on incoming trans- 


sion lines 


—Very inverse relay (number 1 time 


er setting) 
—Fuse 
—Sectionalizing fuse rated at 45N 


peres, to clear fault currents below 


jimum pick-up of recloser 


—Total clearing time 


‘—Melting time 
—Recloser 


—First opening (should be to the right 

curve B’’; fuse cut-out or link having me- 

snical means for separating burned ends pee 10 
suld help to secure successful opera- 

n when curve B”’ crosses H’ as shown) 


HHH sail 


100 1000 5000 
PRIMARY AMPERES — EFFECTIVE VALUES 
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‘’"_Fquivalent heating of fuse, with 25 per cent factor added to permit direct comparison with melting-time curves for fuse G 
—Maximum current up to which recloser will lock out before fuse link melts 


jz. 13. Time-current curves for a recloser protecting part of a long line and a fuse cut-out protecting the rest, super- 
posed on the curves for a conventionally co-ordinated system as shown in figure 3, showing the comparative use of 
the rangeavail able for distribution protection 


search and engineering development permit the utility 
gineer to choose the lowest primary fusing practice 
th assurance of a successful operating record. This 
nnot be said of some of the earlier designs upon which 
ach of the present-day service data are based. The 
imary fuse link rating is usually chosen so as to provide 
balance between unnecessary fuse blowing and pro- 
tion afforded the apparatus, and/or proper co-ordi- 
tion with protective devices on the secondary of the 
unsformer. A fuse cutout provides an easy means for 
anually disconnecting transformers and for easily and 
ickly locating those which are damaged. 

The prevalence of lightning in some localities makes it 
sirable to limit the size of transformer primary fuse 
ks to a certain minimum in order to take advantage of 
e ability of the larger links to more successfully with- 
ind lightning impulses. This is especially true where 
e lightning arrester is connected on the load side of the 
se cutout. A minimum rating of 10 amperes will 
nerally eliminate the majority of unnecessary fuse 
ywing and will not ordinarily interfere greatly with 
yper primary co-ordination. Saving one fuse re- 
cement trip will usually more than pay for the in- 
lation of secondary fuses on the smaller sizes of trans- 
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formers to provide the same overload protection as would 
be given by the smaller primary fuse link that would 
normally be used. . 

The omission of fuses on the primary of distribution 
transformers is virtually the sate as adding miles of 
exposure to the primary lines. A service interruption to 
all the consumers on such a line may result from a line 
fault or a transformer flashover or burnout; or a secondary 
line fault if no secondary protective device is employed. 
The cause of each outage must be sought: among every 
one of these possibilities, thus greatly increasing the 
length of each interruption. The use of secondary 
fuses or breakers while affording a degree of protection 
to the transformer, merely removes the secondary line as 
a possible cause of trouble. Therefore, where primary 
fuses are omitted, a marked increase in consumer minutes 
outage can be anticipated over that occurring where pro- 
tection is afforded the individual transformer by modern 
fuse cut-outs and renewable fuse links. 


Primary Line Faults 


_ With the fuse link on the primary of distribution trans- 
formers kept as small as possible, the effect of faults on 
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the primary lines can be reduced by the introduction 
of the properly located protective devices. The choice 
between fuses and automatic reclosing devices is largely 
dependent upon the ratio of temporary faults to permanent 
faults on the whole and each portion of the distribution 
system. Of course, there is also the question of economics 
and the importance of loads. Superior service continuity 
can be secured by the use of fuses at a number of section- 
alizing points on the primary limes especially where a 
fairly high percentage of the faults are permanent. Auto- 
matic reclosing equipment will reduce the average con- 
sumer minutes outage where temporary faults predomi- 
nate. This equipment may be a breaker or a recloser 
which reset themselves after interrupting temporary 
fault currents, or a reclosing fuse cutout which requires 
periodic inspection and renewal of blown fuse links. 

The dividing line between the percentage of temporary 
versus permanent faults above which reclosing equipment 
located either in the station or at branch lines, and below 
which sectionalizing fuses, will reduce the consumer min- 
utes outage is shown in figure 12. These values were 
derived using the following formula, with the indicated 
assumptions as to the times required to restore service. 

r = ratio of permanent to total number of faults 
1 —r = ratio of temporary to total number of faults 
P = faults per branch 
a+b = duration of permanent fault 


@ = minutes to go to location 

6 = minutes to locate fault per branch 
” = number of branches 

e = duration of temporary fault 


N = number of consumers per branch 


Total consumer minutes outage per year with reclosing device = 
n Pr (a + nd) (nN) + Pn (1 — 1) (e) (4%) 

Total consttmer minutes outage per year with sectionalizing fuses at 
each branch or sub-branch = xP (a + 4) NV 


minutes outage with reclosing device 


ratio 5 : : =e 
minutes outage with sectionalizing fuse 


a nm? PNIr (a+nd) +e(1—r)] 
- nPN (a +6) 


n (ra + rnb + e — er) 
a+ob 


The lower cost, nonreclosing fuse cutout can perform 
a real service for reducing consumer minutes outage both 
as to the effect and the length of outages. The curves 
figure 12 show the advantage of connecting fuse cutouts 
and fuse links in several branch lines. The use of ad- 
ditional fuses at sub-branches or in series at various sec- 
tionalizing points, will raise the curves figure 12. For 
example, with 3 fused branches each having one fused 
sub-branch, curve x figure 12 will be raised from 79.1 
per cent to 84.7 per cent and with 2 sub-branches each 
to 89.2 per cent. Connecting one and 2 fuses in series 
with each branch line fuse will raise curve x figure 12 
from 79.1 per cent to 84.7 per cent, respectively. In 
addition to those greater benefits due to the confinement 
of the effect of faults to fewer consumers, the time to 
locate the faults will be reduced and the curves figure 12 
raised, for example, the 89.2 per cent and 84.7 per cent 
values given above will be raised to 91.2 per cent and 
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Fig. 14. Melting time-current characteristic curves 

for fuse links with lines A and B showing time 

required to open the feeder breaker, the limiting fac- 

tor for co-ordinating so that the first opening of the 
breaker is ahead of the fuse link 


A—Time required for instantaneous ground relay and breaker 
to open 

B—Factor of 25 per cent added to curve A to permit direct — 

comparison with melting-time curves of fuse links 
X—Maximum current up to which breaker will clear ahead of 

30N ampere fuse link 

Y—Maximum current with 45N ampere fuse link 
Z—Maximum current with 50N ampere fuse link 


86.9 per cent, respectively, with a proportionate reduction 
in time to the length of line affected. 

The effectiveness of reclosing fuse cutouts depends on 
the periodic inspection and replacement of blown fuse 
links before an outage occurs. If they are not refused 
until both or all 3 fuse links have blown, their use should 
tend to raise the curves figure 12 up to which they will 
improve service continuity. If periodically inspected and 
a majority of the blown fuse links are replaced before an 
outage occurs, their performance approximates the re 
closing devices indicated on the curves, figure 12. 

Both conventional reclosing oil circuit breakers an¢ 
the lower cost mechanical breakers known as circuil 
reclosers, are available for use at sectionalizing points 
The relay actuating the conventional oil circuit breake 
functions with the induction relay characteristics whicl 
are similar to those for the modern distribution fust 
links, figure 8B, C, and D. Thus the introduction o 
this equipment permits reasonably close co-ordinatiot 
with the fuse links at transformer installations and a 
any desirable sectionalizing point. 

The instantaneous plunger type relay characteristic 
of the circuit recloser figure 13H’ definitely limit th 
rating of fuse links which will blow before the first openin 
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| the recloser, to low values (the fuse link curves which are 
‘the left of the respective recloser curves figure 7a). The 
‘tings of practically all internal fuses, or ‘“‘weak links,” 
‘e too high to blow soon enough to prevent lockout of 
ie recloser. If the fuses further out on the system are 

10 large to blow before the recloser locks out, a fuse 
itout can be connected across the recloser to permit 
sanually by-passing it through a fuse after the recloser locks 
at. The fuse link in the cutout should be large enough 
» allow the internal fuses or sectionalizing fuses beyond 
1e recloser to blow first, so as to indicate the location 
f the fault. 

On long lines the recloser can be used for that portion 
there the fault currents will be greater than the minimum 
urrent required to pick up the contact so that it actuates 
ae lockout mechanism. A fuse cutout, installed within 
nis portion, can be fused, figure 13G, so as to permit the 
ecloser to lock out on fault currents above the minimum 
ick-up. The location of the cutout should be such that 
he maximum fault current available at the point of in- 
tallation does not exceed the value at which the melting 
ime current curve 13G’ crosses the recloser curve, figure 
3H'’’, at X. Then the fuse cutouts will afford protection 
or all fault currents below the minimum pick-up of the 
ecloser; in most cases reaching out to the end of a long 
ne. The fuse link can also be co-ordinated with the 
elay on the main feeder breaker, figure 137’ and F’’. 

Automatic reclosing oil circuit breakers are more gen- 
rally installed at the substation to improve continuity 
f service to the more important consumers on the main 
-eder and larger branches. By fusing branches of the 
ircuit where permanent faults predominate, the per- 
entage of temporary faults on the important parts may 
e raised so the reclosing breakers will reduce the con- 
umer minutes outage for the whole system, note 1, 
gure 12, as well as for the important loads. 

Several large utility companies report an improvement 
1 service continuity resulting from the combination of 
ranch line fusing and automatic reclosing breakers at 
he substation. Their scheme is applicable on grounded 
eutral systems where the instantaneous relay, connected 
9 operate on ground and/or neutral currents, can be set 
9 pick up at very low currents for the initial opening of 
he breaker. A grounding bank can be used to provide 
he neutral on delta systems. After the first opening, 
he instantaneous relay locks out and the induction relays, 
onnected in the phase wires are automatically switched 
n for the subsequent operations to the lockout of the 
reaker. However, in the case of a permanent fault on 

branch line the fuse links and induction relays are co- 
rdinated so a time delay is provided and the fuse links 
lear ahead of the second relay operation. The ground 
slay is automatically reconnected in the case of a 
=mporary fault or after the fuse disconnects the branch. 
. practical set-up for the fusing of branch lines in this 
ray automatically differentiates between temporary and 
ermanent faults to neutral and ground. 

The successful functioning of such an arrangement 
epends on the time required for the breaker to open and 
iterrupt the fault current, after the instantaneous 
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ground relay has closed the trip circuit. For example, 
a relay and breaker requiring a total time of 15 cycles 
(0.25 second) to clear the circuit, will successfully clear 
temporary faults up to 125 amperes without damaging a 
33N ampere branch line sectionalizing fuse link of the 
design for which the curves figure 14 are plotted. This 
is indicated by the point X, figure 14, where the melting 
time curve for the fuse link crosses the curve B plotted 
so as to allow a 25 per cent factor for operating and manu- 
facturing variables above line A drawn at 0.25 second. 
Under similar conditions, a 45N ampere fuse link will 
not be damaged up to 205 amperes, and a 50N ampere 
fuse link up to 270 amperes (points Y and Z, figure 14, 
respectively). If the short-circuit current available at 
the point of installation for the sectionalizing fuse cut- 
out exceeds these values, the fuse link may be partially 
melted. If it is not replaced subsequent melting on 
load currents may cause arcing which will not clear and 
will burn the fuse tube of cutouts that provide no me- 
chanical means for separating the burned ends of the fuse 
link. 

One utility company reports that it has been their 
experience based on observations of actual operating 
conditions, as well as field tests, that those circuits which 
are fused with the 30N ampere fuse links usually have 
shorts which range between 100 and 150 amperes, while 
the circuits on which the 50N (60) ampere fuse links are 
used, run between 200 and 300 amperes. In the cases 
where it is definitely known a heavy phase short circuit 
has taken place, it is the operating practice to replace 
both fuses. From this it would appear practical to se- 
cure the combined advantages of automatic reclosing 
for temporary line-to-ground or line-to-neutral faults 
and fused sectionalizing for isolating permanent line-to- 
ground and line-to-neutral and line-to-line faults to 
small areas. Such a practice should afford a marked de- 
crease in the consumer minutes of outage. 


Summary 


In the foregoing an attempt has been made to make an 
impartial study of the various trends in thinking with 
respect to the overcurrent protection on distribution 
systems. This has been done from the standpoint of 
the effect of each on the service continuity, the protection 
to apparatus, and the system economy. Major em- 
phasis has been given to service continuity as present-day 
consumer requirements have increased the utility com- 
panies’ interest in reducing outages to a minimum. A 
number of pertinent factors have been brought out which 
are generally applicable to any such studies that might 
be made on specific systems. A tabulation of these 
without doubt, will be of value. 

1. Actual operating records on the system in question are essential. 


2. The data in such records will be enhanced in value if selected to 
show the differences, 


a. On urban, suburban, and rural sections, 


b. On main feeders, branch feeders, distribution transformers, and 
secondary lines, 


c. Between causes of faults such as lightning, short circuits, over- 
loads, etc., 
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d. Between types of faults, temporary vs. permanent, 
e. Between modern and old equipment. 


38. Such records will show that one permanent fault on the primary 
lines will cause upward to 100 times as many consumer minutes 
outage as one fault in a transformer or on the secondary lines, and 
that generally a greater percentage of faults occur on the primary 
lines. 


4. Secondary protection to continuity and/or apparatus which can 
be secured without increasing the normal fusing practice on the 
primary of the distribution transformer (generally 2 or 3 times the 
full load current of the transformer) will improve service continuity. 


5. Conversely, any increasing of the normal primary fusing prac- 
tice to secure other advantages very likely will increase—or prevent 
future decreases in—the average consumer minutes outage for the 
whole system. 


6. The use of the external fuse cutout with renewable fuse links 
enables the use of the lowest possible fusing practice, spoken of as 


normal. Modern equipment insures an improved service record. 


7. The normal fusing practice while termed short-circuit protec- 
tion, affords a fairly high degree of protection to the transformer 
as indicated by operating records; such as those where higher 
internal fusing has been employed with no secondary protection. 


8. The use of nonrenewable internal fuses necessitates increasing 
the primary fusing practice, and without a secondary fuse or breaker 
affords no protection to the transformer. 


9. The omission of fuses on the primary virtually adds miles of 
exposure to cause and on which to locate, trouble on the primary 
lines. 


10. The ratio of temporary to permanent faults on the whole and 
various parts of the system governs the benefits in improved con- 
tinuity of service rendered by fuse cutouts at sectionalizing points 
and by automatic reclosing equipment. 

a. Fusing sectionalizing points on the primary lines to confine 
the effect of outages to small areas will reduce the average consumer 
minutes outage even with high ratios of temporary to permanent 
faults (see figure 12). 

bd. Automatic reclosing equipment or reclosers at the substation 
or in branch lines will reduce the consumer minutes outage where 
the percentage of temporary faults is high. This percentage in some 
instances can be improved by fusing branches where permanent 
faults predominate. 

c. A practical arrangement for automatically combining sectional- 
izing fuse and automatic reclosing protection so as to differentiate 
between temporary and permanent faults will produce the best 


results. 
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A New Service Restorer 


(Continued from page 182) 

Film B shows the record of 2 interruptions with 12,000 
volts across the terminals, the current being 960 and 880 
amperes, respectively. Film C shows 4 interruptions (3 
reclosures and a final lockout) of 400 amperes at 12,000 
volts. Reclosure is immediate after each opening, the 
average reclosing time from the instant the fault occurs 
until the device recloses being 31 cycles. 

The service restorer was developed primarily for low- 
capacity low-revenue lines and it is hoped that it will be 
a real contribution toward the improvement of electric 
power service by providing an economical and efficient 
automatic reclosing device for such applications. It 
should be ideally suited for sectionalizing lines and pro- 
tecting feeders in rural and suburban districts as well as 
for use at small isolated industrial and mining properties 
where a continuous power supply is important. 
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‘Expansion Theorems for Ladder Networks 


By MICHEL G. MALTI 


MEMBER AIEE 


force relations of filter 
§ circuits, artificial lines, 
id other ladder networks 
ad to difference equations 
hose solutions have been 
ven by Pupin,! Riidenberg,® 
‘agner,4~* Rogowski,”® Car- 
n,°—!! Zobel, 4-13 Cauer,2!-23 
lford,*5and others.?:14—2024,26,27 
fathematical work on differ- 
ice equations has been going 
1 since the days of Newton, 
aplace, and Gauss (18th cen- 
iry). Treatises on difference equations have been 
ritten by Norlund,*! Batchelder,®? and F. Bleich? and 
@Melan.* 
Although Laplace transformations have been used in the 
eatment of linear difference equations with constant 
efficients, particularly by Bochner,” the authors do not 
low of any results which parallel Heaviside’s expansion 
leorem and its extensions for differential equations.” 
he object of this paper is to develop such expressions 
y the use of Laplace transformations. 


[ current-electromotive 


, Solution of a Difference Equation 


Consider the following linear difference equation of the 
h order with constant coefficients a,: 
f(x) + aif(x+1) +... +anf(x+n) = (x) (1) 
In equation 1, a #0,a, #0. This does not detract 
om the generality of equation 1 because if ad) = 0, then 
ibstituting « for x + 1 reduces equation 1 to a difference 
uation of lower order. On the other hand if a, = 0 
len again the order of equation 1 is reduced. 
Again ¢(x) is a given function which satisfies the fol- 
wing conditions: 

(x) is of bounded variation in any finite interval 

o(x) = 0 for x < 0 

(x) = [o(x + 0) + o(x — 0)]/2 for every x 


ike $(x)e—”” | dx converges if the real part of u is sufficiently 
- 
It may be here observed that all functions encountered 
engineering practice do satisfy these conditions. 
In addition to equation 1 certain boundary conditions 
ust be given. As boundary conditions we shall assume 
at f(x) is known over the interval 0 < x < m and that 
this interval f(x) is of bounded variation and f(x) = 
(o + 0) + f(x — 0)]/2. The solution of equation 1 
nsists in determining f(x) which 


Satisfies equation 1 for all x2 0; 
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The well-known expansion theorem of Heaviside 2. 
applies to circuits whose current-electromotive 
force relations may be expressed through differ- 
ential equations, whereas in some networks such 
as filters and artificial lines, in which the network 
consists of a repeated pattern or mesh, the rela- 
tions give what are known as difference equations. 
These are equations involving the mesh number 
of the network. The solutions of such networks 
are given in this paper in the form of expansion 
theorems similar to Heaviside’s expansion theorem 
and its extensions. 
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NONMEMBER 


Is equal to the given boundary 
function forO S$x<n 

Multiply both sides of equa- 
tion 1 by « “dx and integrate 
between zero and infinity thus: 


Diels arf(x + k)e—“"dx = 
k=0 
J, etae (2) 


where u is any complex num- 
ber whose real part is positive 
and sufficiently large. 

Consider a typical term of the sum in equation 2. 
Letx + 2k = y then dx = dy,x =y —k. When x = 0, 
y = kand whenx = ©,y = ©. Substitute these rela- 
tions in the left side of equation 2 and obtain: 


n 


Died f “soy tay = [oe tae (3a) 
—- k 0 

or 

De <u if f(x)e—M7dx — f, * ee) e—MBdx = {." o@e*ax(3b) 
ai . 0 ./0 0 


Since f(x) is known for 0 S x < n and since k S n, 
therefore the second integral in each term of the sum to 
the left of equation 3b is known. Again since (x) is 
known the integral to the right of equation 30 is also 
known. Let: 


the k 
x uk _uz 

V(u) = oa th f(x)e—"" dx (4a) 

a) = [" oe"as (4) 

Substitute equation 4 in 3b and obtain: 

Sone (payertas = &(u) + Y(u) (Sa) 

k=0 

or 

fy oettas = FW (sb) 

where i 

F(u) = [&(u) + ¥(u)] / Ss aye" (Se) 
k=0 


A paper recommended for publication by the AIEE committee on electrophysics. 
Manuscript submitted November 6, 1936; released for publication December 1, 
1936. 
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Equation 5) is a well-known integral equation whose 
solution is: 


1 b+jo 
CS Me ere i 
27] Jb-—jo 


where 0 is a sufficiently large positive number. 

Equation 6 is the solution of equation 1. It is given in 
the form of a complex integral which may be readily 
evaluated (see section 3). 


F(u)e""du (6) 


2. Solution of a System of Difference Equations 


Consider the following system of linear difference 
equations of the mth order with constant coefficients dj,: 


De Ete) (7a) 
ni k=0 

ye Te) DY (7b) 
= k=0 

> Omrafr(% + k) = $m(x) (7m) 
r=1 k=0 


where ¢,(x) are given functions which satisfy the condi- 
tions imposed on ¢(x) in section 1; f,(x) are unknown 
functions. As to the boundary conditions we shall assume 
that f(x) is known over the interval 0 S x < m, and that 
in this interval f,(x) is of bounded variation and f,(x) = 
[f(x + 0) + f(x — 0)]/2. The problem is to determine 
J,(x) which satisfy the system of difference equations 7 
for all x 2 0 and the boundary conditions for0 S x < m,. 

Multiply both sides of each of equations 7 by e “*dx 
and integrate between zero and infinity. Then a typical 
equation becomes: 


De > Hi ” aunfn  Bye tide =f" dcretex (8) 
real] k=0 


Winehes/a—srl he ne nen 775 
Substitute x + k = y in equation 8 and obtain as in 
equation 3b: 


) uk is uz k uz 
irké I fixe “dt — i frlx)e dx | = 
k=0 


if die de  @) 
0) 


m 


r=1 


Since f,(«) is known for 0 S x < m, and since in each 
inner sum k < m,, therefore the second integral to the 
left in equation 9 is known. Again, since each ¢,(x) is 
known, the integral to the right of equation 9 is also known. 
Vet: 


wi) = DD aunet® [i leyettax (10a) 
r=1 k=0 
a) = [ose “de (10b) 
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Substitute equations 10 in 9 and obtain: 


m mr 


cane (faye ttde = Hu) +400) = Mw) CO 
r=1 k=0 
Let: 
mr 
Orne” =. Ai,(e") (12a 
k=0 


fneetae = F,(u) 


Substituting equations 12 in equation 11 and remembering 


teger valves between 1 and m, we have: 


Aj,(e") F,(u) = My,(u) 


r=1 


Ao,(e") F,(u) = M,(u) 


Amr(e") F,(u) = Mn(u) 


r=] 
Expanding equations 13 we obtain 


Au(e") Fi(u) + Ar(e") Fo(u) +... + Arm(e") Fn(u) = Mi(u) (14a) 


Ami(e4) F,(u) +4 mo(e”) Fo(u) +... + Amm(€”) Fimn(u) = Mm(u) (14m) 
Solving equations 14 simultaneously for F.(w) we have: 


F,,(u) = [ Aire) Mi(u) + Aor (e*) Ma(u) +... + Amr(e*) Mim(u)]/ A(e4) 
(15) 


where 


Ala) A2(e") 6 Bon Aim(e-) 
An (e") Aas(e“) aie Alga (ea) 


Am (e") Am2(e") . Amm(e") 
and A,,(e’) is the minor of A obtained by omitting the 
pth row and qth column and multiplying the determinant 


so obtained by (—1)°+®, 
Substituting equation 15 in 12b we have , 


(16) 


m 


i "fille “tdx = F,(u) = SS ire") Mi(u)/ A(e%) (17) 


l=1 


Equation 17 is of the same form as 5b. Hence its solution 
is: 


1 b+j oe 
f(x) = = 
20] Jb—jo 


3. Evaluation of the Integrals 
of Equations 6 and 18 


F,(u) e"*du (18) 


The complex integrals given in equations 6 and 18 are 
not usable in their present form. They must be evaluated 
before the functions f(x) and f,(x) can be computed in 
any engineering problem. These integrals have, accord- 
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igly been evaluated by us. The actual evaluation is of 
1athematical interest only. We therefore give here the 
2sults. 

Referring to the difference equation 1 let: 


n 


(e") = > ayeX™ (19a) 
k=0 
== 'S 

Be) = > aatye (19b) 
k=0 


f the polynomial P(e") has distinct (unequal) roots a, 
nen by decomposition into partial fractions we obtain: 


P(e) = D> Bi/(e" — a) (208) 
x= 

s(e")/P(e") = EG Be) .(20b) 

There 

xz = 1/P' (ax); Brs = Qs(ax)/P’ (ax) (21) 


n the other hand if the polynomial P(e’) has ) roots ay, 
ach repeated , times, then decomposition into partial 
‘actions gives: 


» nk 
P(e4) = >) Berle" = an) (22a) 
R=1 r=1 
(e%) P(e") = > Se Bee ear (22b) 
na 
here 
pp = WF (ax)]/(re — 1)! (23a) 
me = fis" * (op) / (me — ! (23b) 
Ce") = [€% — a]"&/P(e”) (22¢) 
ws(e') = Qs(e")[e* — ag] "&/P(e*) (23d) 


ith these notations the integral equation 6 becomes, for 


stinct and repeated roots respectively of P(e"): 
n [x] -—1 
x) = > By Qe hie O11): -}- 
k=1 c=0 
n 
> Bysax!*) f(x — [x] +s —1) (24a) 
s=1 k=1 
n Nk [x] — 


i 
k=1 
N 


i>? 
F krs [x] 
=l1 k=1 rv=1 


| equations. 24: 


a 
= Uinira<@ 
3) iW < 


x is a positive non-integer 

If x is a positive integer then f(x) = 
d f(0) = f(0 + 0)/2 
Equation 24a may be termed Heaviside’s expansion 
eorem for difference equations; while equation 240 is 


Br) (" ie 7 "ao —r—c)+ 


c=0 


[x] 
—r+l1 


r=1 


ay ll —1 FD F(4¢ = [x] +5 — 1) 
(24b) 


[f(x + 0) + f(x — 0)]/2 
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the extension of that theorem to the case of repeated 
roots?’ of P(e’). 

Next referring to the system of difference equations 7 
eC: 


Uy 


n 
A(e") = > bye, PAyle) = > bipve”™ (25a) 
k=0 v=0 
mp mp+ Ur 
Qurps(e") = : dipne”™ Ay,(e") = Burpee (25b) 
k=s v=0 


Then the expansion of 1/A(e’) in partial fractions is 
given by equations 20a and 22a respectively where A(e”) 
replaces P(e’). With these notations the integral in 
equation 18 becomes: 


fe) =D) Ural) + fio) 


(26) 
T=1 
where 
(a) For distinct roots of Re 
y+[x]— 
fira(x) = oy binv >» By ye an p(y + x — ¢ — 1) (27a) 
c=0 
m mp mpt%, 
firo(x) = Ss De De bem Y acl let + s—1) (27b) 
p=1 s=1 v=0 
(b) For repeated roots of A(e’) 
Us v+[x]— y ‘ 
rtce— 
Stra) = yy Diy S Dee ue ( P ) x 
ax div -+x—r—c) (28a) 
m_ mp mp+%, 
firy (x) = ye Ds Dy Birpsy » eaek 


~p=1 s=l1 y= r=1 


fe a * Jt, —[x]+s-—1) (28b) 


In equations 27 and 28: 


ie \ Oden 0 
F b = 1 


2. «x isa positive non-integer 
3. A(e”) has no zero roots 


If A(e") has a zero root of the moth order then x in equa- 
tions 27 and 28 should be replaced by x — mp and A(e’) 


in 25, 20a, and 22a should be replaced by Aj(e") where 
A(e™) = €"% Aj (e") (29) 


Equations 26, 27, and 28 correspond to the extensions of 
Heaviside’s expansion theorem”® to systems of differential 
equations. 
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4. Application to Ladder Networks 


Consider the ladder network figure 1. Writing Kirch- 
hoff’s equations for any one element we have: 


ZL 41 + Z2(Luti = Ty+2) + Zo(Ly+1 ae uD) ='0 (30a) 
or 
ZT y — (Z1 + 2Z2)Iptr + Zelute = 0 (30b) 


Equation 300 is a difference equation of the second order 
similar to equation 1 where: 


f(x) =I,foru —1l<x<pz (31a) 
@ = 22, a, = —(Z, + 22;), az = Zz = a (31b) 
$(x) =0, n= 2 (31c) 
From equations 19 we have 
2 
P(e) = > aze™™ = ay + aye” + are” (32a) 
k=0 
2-1 
Oi(e") = Ops yee = a + are” (32b) 
k=O 
0 
O2(e") = > a(k+2ye" = ae (32c) 
k=0 
The roots of P(e") are: 
a= [ -a: 45 Vay? = Aga) ous; 
on = [ —a — Vay? — 4aya, |/ 202 (33) 


We shall assume that a, # a. It must be also noted 


that: 

ayo = 1 (34) 
Equations 21 reduce, in this case, to: 

B, = 1/(a, + 2asc) By = 1/(a, + 2ap0%) (35a) 
By = (G1 + aea1)/(G1 + 2a201) Biz = de/(a, + 2a2e1) (35b) 
Bey = (a1 + a202)/(a, + 2a202) Bee = 02/(a, + 20202) (35¢) 


Substituting equations 31 to 35 in 24a and remembering 
that ¢(x) = 0 and that (see equation 3la) f(x — [x] + 
s — 1) =Z, and [x] = » — 1 we have: 


2 2 

I, = Bysax"— T, (36a) 
s=1k=1 

= (Bult + Bike) YY) 4+ (Bayly + Bozl2)a2 *—Y) (36b) 

=a K,eHlne Kyetlne (36c) 


Equation 36c is the form generally encountered in engi- 
neering literature. 

One more fact might be brought out before leaving this 
illustrative problem. Quite often the boundary condi- 
tions relate not to 2 successive elements but to the 2 
ends of a line (say 4; and J, are given). Such cases could 
be readily worked out by the use of equation 36) or equa- 
tion 36c. Thus in equation 36), substitute » = N and 
solve for Jz thus reducing the problem to the given bound- 
ary conditions. On the other hand, if we assume both 
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Z| Z| 


Ti (+) : 2 


23 


Ta(ut!) 24 


Z5 Zs Zs 
Fig. 2. Schematic diagram of a ladder network 


K, and K2 in equation 36c to be unknown, then by sub- 
stituting » = 1 and » = WN in equation 36c we obtain 2 
equations with 2 unknowns. The latter is the classical 
mode of procedure. . : 
In order to illustrate the use of the solution for systems 
of difference equations consider the ladder network 
figure 2. Writing Kirchhoff’s equations we have: : 
é 
40, (w+t) + 22h ti) — Ni +2) ) + 28 wt) — Le ty) +) 
ZK +1) — Tip) = 0 (37a) 

Zsl2 (ut) + Zale wtt) — Le (ut2) + 222 w41) — Lh wty)+ 
Za(I2 (u+1) — Inu) = 0 (37b) 


whence: 
Zolip — (Zi + 2Z2 + Zs)iwt1 + Zoh (u+2) + Zsl2 (ut+1)=0 (38a) 
Zaloy — (Z3 + 224 + Zs)I2 (uti) + Zale (ut2) + Zsli (w+1) =0 (38b) 


Equations 38 are a system of difference equations of the 
second order similar to equation 7 where 


Ty = fix) forw —1l<x<y (39a) 
In, = fo(x) forw —-1l<x<p (39b) | 
ox(x) = 0, m, = mM, =m = 2 (39¢) 


In order to obtain a clearer insight into the corre- | 
spondence of equations 38 and the system of difference — 
equations 7 we shall write 7 more explicitly for the case 
at hand. Thus: | 


Qyofi(x) + ain fa(x + 1) + auofi(% + 2) + araofe(x) + ; . 
Qiifo(x + 1) + Gisafo(x +2) = 0 (40a) — 


Qrr10fi(x) + deufil% + 1) + aorofi(% + 2) + aoref2(x) + | 
Aaoifo(% + 1) + aarf2(x +2) =O (40b) 


Comparing equations 40 with equations 38 we have: 


Qn0 = Za (41a) A210 = Ao. = 0 (41a’) 
Qn = —(Z, +22, + Z3) (41b) a2, = Z3 (41b’) 
Qu2 = Ze (41c) Qo29 = Za (41c’) 
ai20 = din. = 0 (41d) ann = —(Zs + 224+ Z,) (414’) 
Qy21 = Z3 (41e) do22 = Za (4le’) 
Referring to equations 12 we have 

2 
An(e") ->) auze™ = du + dine” + ane (42a) 

k=0 

2 

A1(e") = >on = 0 + ane” +0 (42b) 


k=0 


ELECTRICAL ENGINEERING 


e) = ) aur = 0 + ane’ + 0 (42c) 
k=0 
2 
“y= > Angre™” = doo + dane” + Aoo2e™ (42d) 
k=0 
e determinant A(e") equation 16 is: 
) as (aii 4 ane” AP Ane”) (d220 + doe" + 222°") = 
911019) €2” (43a) 
= bo + dye + doe + ded” + dye” (43b) 
ere: 
= 41100220 by = Ayj0%221 + A220A111 (44a) 
= Gy100222 + 1110221 + Ai24220 — 214121 (44b) 
= 03110222 + 1120221 bs = Gy120292 (44c) 
reover: 
= An, Ay = —An, Ao) = —Ay, Ag = An (45) 


ally the values of 8),»;, in equation 25) are given in 
le I. 


Table I—Values of 6;,,., 


DS v=0 v=1 1=2 y=3 y=4 
11....0... .a@220 Gin. . . .@220 d112 + 221 Gi. - . . 221 G112 + 222 G111. . . . 2222 112 
Ma.>.;0.... 90 220 112 221 2112 . . 222 A1y2 
(21....0....a220 aia. 221 Q121 222 121 0 
Bei On nieve  O 0 
Ais. OV <2. O — a111 2211 — 112 @211 0 
eee. 0... > 0 — 4112 Q211 0 
sss Oecce OO ..05 Oey Con wumeete 0 
ies om a Ore aces 0 See 0 0 
Mee Oe tO. mes. — a121 a2 Sieh 0 0 
2 Se Ce a ee 0 ater 0 0 
Pies Os 5.22, 0 5 — a121 2221 Se — Qy21 A222 0 
woe... 0 — Q321 4222 0 
moe... .O... 2110 G21. @111 4211 a2 @211 0 
eee On 22 0 0 
y21....0... . 110 d221. . . . €110 @222 + A111 A221. . . . 2111 A222 + A112 Gem. . . . 2112 @222 
oes 0... O 111 2222 + «112 G222 


110 2222 


\ssuming that the roots of A(e’) are distinct and equal 
1, 2, 3, o4, and using equation 20a where P(e") is 
laced by A(e“) we have: 


4 
\(e%) = > B;/(e* — ax) (46) 
k=1 
ere 
= 1/[b) + 2beaz, + 3b3cz? + 40105], i NPR (CYA) 


ystituting equations 39 to 47 in 27 and the result in 26 
{ remembering that ¢,(x) = 0 and that (see equation 39) 
¢ — [x] + s — 1) = I,, and that [x] = » — 1 we have: 


4 
Birpsy > Byox"~ Tps, where r = 1, 2 (48) 
l=1 p=1 s=1 v=0 = \ ; 


This problem could, of course, have been solved by 
ucing, through elimination, the system of difference 
lations to 2° difference equations, each of the fourth 
er, and each involving only one unknown function. 
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The choice between the 2 modes of solution is determined 
by the nature of the problem. The above example simply 
illustrates the applicability of our results and could have 
been solved through elimination. 


5. Extension to Other Boundary Conditions 


Quite often, in physical problems, the boundary con- 
ditions are not what we assumed in sections 1 and 2 of 
this paper. In fact, the boundary conditions are often 
specified at the beginning and end of a network. It 
needs but a slight addition to this theory, as indicated in 
the first illustrative problem, to obtain the solution for 
any boundary conditions whatever. 

Consider equations 24 which are solutions of the differ- 
ence equation 1. Let, for distinct and repeated roots, 


respectively : 
mn [xJ—1 
A(x) = > Bt o°o(x — ¢ — 1) (49a) 
k=1 c=0 
aN nk |x]—r 
A(x) Sy Pie e a ) 0° o(x — 7 — c) (49b) 
k=1 r=1 c=0 
Let, for distinct and repeated roots, respectively: 
n 
H;(x) = Bysoxy'*! (50a) 
k=1 
» Nk 
H,(x) = > Bas ( eo ) ed ee (50b) 
k=1 r=1 Ere a re 


Then equations 24 may be written in both cases as follows: 


fe) = A@) + DH Wile - be) ts - 0) 


s=l1 


(51) 


In equation 51, A(x) and H,(x) are both known func- 


tions. f(x — [x] + s — 1) is the value of f(x) in the 
intervals —1<x<-s. Inoursolution f(x — [x] +s5-— 1) 
is given for:s = 1, 2.65 7. 


It is our object to show that equation 51 gives an ex- 
plicit solution even when the boundary values are not 
given for the first ” intervals but for any m arbitrary 
intervals ky — 1< x4 < Ry: he — 1 < 4 < Poe. ko —1 = 
Lee. 

In the first place it must be observed that f(x — [x] + 
s — 1) is periodic in one, or: 


f(@+-k) — ek) 4s — 1) =f — ees) (52) 
Moreover: 
x=x—[x]) +k, —lifk, —l<x<k, (53) 


Substituting for x its value from equation 53 in 51 for 
the various intervals where f(x) is known a using the 
relation 52 we have: 


f(x =i (x) + ky = My 
St — te] bh De [a] +51) (Aa) 


s=1 


—-A(@e—[x] +a —-1) = 


157 


f(x — [x] + ke — 1) — A(w — [x] + ke — 1) = 


Soe > (eG lal eo aan, 


ie =| ar ae = WY) = A (eee) ect ee ee 


> Be el eee Di en me 


s=1 


Equations 54 are n equations with m unknowns, the 
unknowns being the values of f(x) for the first intervals, 
v12.. 
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The solutions of equations 54 give these values of f(x) 
which can now be substituted back in 24. The process 
is the same for each f,(x) in a system of n difference 
equations. 

It should be here remarked that if, as is generally the 
case, some of the boundary values are given for the first 
G-intervals then the number of unknowns and therefore 
of equations in 54 is reduced to (nm — 8). 


Summary 


We have developed 2 expansion theorems applicable to 
difference equations and to systems of difference equations 
such as occur in ladder networks. These theorems are 
given by equations 24, 26, 27, and 28, respectively. The 
equations presuppose that the boundary conditions are 
given for the values of f(x) in the first m successive inter- 
vals. As, in physical problems, the boundary conditions 
vary widely, the theorems are adapted to any boundary 
conditions in section 5 of the paper. Finally 2 problems 
are worked out in section 4 to illustrate the use of these 
theorems. 


Notations 

ax = constant coefficient in the difference equation 1 

Cir = constant coefficient in the system of difference 
equations 7 

Ay = see equation 12a 

A(x) = a function defined by equations 49 

by = coefficient of the kth term of the polynomial A(e”) 

bir = coefficient of the vth term in the polynomial 4A,,(e”) see 
equation 25a 

By = see equation 21 

Bus = see equation 21 

Bur = see equation 23a 

Burs = see equation 23) 

(;) e ae eA ca a a 

b eu lsOak o<e0n ds 0 
c = any non-negative integer 
f(x) = | The unknown function in the difference equation 1 


See also equations 6 and 24 
The unknown functions in the system of difference 
equation 7 
See also equations 18, 26, 27, and 28 
f(x +0) = limit f(x + 6),56 >0 
5—0 


fle —0) = limit f(x — 8), 8 >0 
56—0 


f(x) = 


fira(x) = see equations 27a and 28a 
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firy (x) = see equations 27b and 28) 


F(u) = see equations 5 

F,(u) = see equations 12) and 15 

Hs («) = a function defined by equations 50 

Ly = mesh current in the wth mesh of the ladder networ 
figure 1 

Tip = mesh current in the first row of the wth mesh of th 
ladder network figure 2 | 

Toy = mesh current in the second row of the uth mesh of th 
ladder network figure 2 ; 

k = any positive integer 

Ki, K. = constants defined by equation 36c 

l = any non-negative integer 

m = number of difference equations in the system 7 

Mr = order of the difference equation involving f,(x) in t 
system of equations 7 

M,(u) = see equation 11 

n = order of the difference equation 1 

Nk = multiplicity of the root az of P(e”) (see equation 22 
and of A(e”) 

p = any non-negative integer 

IAG = see equation 19a 

q = any non-negative integer 

dur = the degree of the polynomial A;,(e*) 

Os(e”) = see equation 19) 

Qtrps(€”) = a polynomial defined by equation 25d 

r = any non-negative integer 


§ = any non-negative integer 

t = a variable of integration 

u = any complex number whose real part is positive 

iC = independent variable in a difference equation or a syster 
of difference equations 


{x] = greatest integer which is equal to or less than x 
y = a variable of integration 
Ly = an impedance in the ladder networks figures 1 and 2 
aK = roots of the polynomial P(e”) or of the polynomial A(e” 
Birpsy = coefficient of the yth term in the polynomial Qirps(e€”) 
A(e“) = see equation 16 
Ai(e”) =the minor of A(e“) obtained by omitting row / a 
column 7 
A,(e”) = a polynomial having no zero roots (see equation 29) 
€ = base of napierian logarithms 
on = any positive integer 
mn = any non-negative integer 
v = any non-negative integer 
(x) = given function in the difference equation 11 
$1 (x) = given function in the system of difference equations 7 
$(x +0) = limit (x + 6), 6>0 
5—0 
o(x — 0) = limit (x — 6), 6 >0 
5—>0 
&(u) = see equation 4) 
,(u) = see equation 10) 
vx(e") = see equation 23c¢ 
Vus(e“) = see equation 23d 
V(x) = see equation 4a | 
W,(u) = see equation 10a ; 
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A New Electrostatic Precipitator 


By G. W. PENNEY 


ASSOCIATE AIEE 


MLECTROSTATIC pre- 
™ cipitation has long been 
mW recognized as the out- 
anding method of removing 
ery fine particles from gases, 
specially at elevated tempera- 
ires. 

The cleaning of gases by a 
orona_ discharge was _ ob- 
srved by Hohlfield in 1824. 
lis experiments were extended 
y Sir Oliver Lodge who made 

working installation in a 
sad smelter in 1884. In 1906 
Ir. Cottrell developed a prac- 
ical form which has been very 
uccessful in handling difficult cleaning problems which 
ould not be accomplished by other cleaning methods. 
‘he application of electrostatic precipitation has, however, 
een limited. The most serious factors limiting the use of 
lectrostatic precipitation are as follows: 


dies as hay fever. 


D-c voltages of from 30,000 to 100,000 and appreciable current 
re required. 


The space required is large both for the precipitator proper as 
rell as the high-voltage transformer and rectifier. 


The corona discharge of the conventional precipitator generates 
0 much ozone that the cleaned air, although free of dust, is too 
‘ritating to the nose and throat to be used for ventilation. 


First cost and maintenance are both high as compared to other 
ypes of cleaning equipment. 


In considering the field of gas purification, the larger 
articles (above 10 microns) are readily removed by vari- 
us means, such as centrifugal devices, simple filters, 
vashers, or by viscous coated devices which depend on 
mpinging the particle onto the coated surface. Some- 
vhat finer particles can be removed by the better grade 
f filters. However, in many cases the dust particles are 
nly a fraction of a micron in diameter. Such particles 
ipproach the resolving power of the ordinary microscope. 
fhe diameter of these particles is comparable with the 
nean free path of air molecules. Such particles defy 
Imost all air cleaning devices except precipitation, al- 
hough in most cases this could not previously be used for 
he reasons given. 

An analysis of the process of precipitation has pointed 
he way to the development of a new type of precipitator 
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:. W. PENNEY is manager of the electrophysics division of the research labor- 
tories of the Westinghouse Electric & Manufacturing Company, East 
ittsburgh, Pa. 


For all numbered references, see list at end of paper, 


ANUARY 1937 


The cleaning action upon gases of a corona 
discharge has been known since 1824; however, 
the technique of electrostatic precipitation has 
been improved slowly because of the inherent 
difficulties of the process and the somewhat 
limited field of its application. 
controlled industrial processes and delicate labo- 
ratory measurements came the necessary incentive 
for improving electrostatic precipitation equip- 
ment, and recently it has been applied in the 
field of medicine for the treatment of such mala- 
The theory of electrostatic 
precipitation is reviewed briefly in this paper, 
and a new precipitator is described. 
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which reduces the size, voltage, 
power required, and ozone and 
compounds of nitrogen gener- 
ated so that this new device 
can be applied in fields in which 
electrostatic precipitation was 
not previously practical. 


With accurately 


Generation of Ozone 


In air, the generation of 
ozone by a given discharge 
current depends somewhat up- 
on the geometry of the elec- 
trodes. By selecting a favor- 
able design of electrode the 
generation of ozone per unit of current can be limited to a 
minimum value. The problem then becomes one of de- 
signing the precipitator to clean the air with the mini- 
mum discharge current. The analysis given in this paper 
has resulted in a precipitator which gives a generation of 
ozone which is small as compared with that found in out- 
door air in bright sunlight and at the same time the 
space, voltage, and power required are small as compared 
to previous practice. 


Analysis of Electrostatic Precipitation 


THE CORONA DISCHARGE 


The conventional process of electrostatic precipitation 
uses a wire or system of points at high potential so that 
there is a corona discharge which carries the dust to the 
opposite electrode. The forces acting on the particles 


Fig. 1. Sketch 
showing how an 
electrostatic field 
is distorted by a 
dust particle 


SS 


SS 


have been analyzed by R. Ladenburg.!. The primary ef- 
fect is an accumulation of charge on each dust particle. 
The particle is then acted upon by the electrostatic field 
which carries it toward the electrode of opposite polarity. 
There is another effect which Ladenburg refers to as the 
electrostatic wind. This electrostatic wind consists of a 
movement of air away from discharge points and carries 
dust toward the collecting electrode. However, the move- 
ment of air toward the electrode must also displace air 
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away from the collecting electrode. The net result in- 
creases the precipitation of dust but it appears to be a very 
inefficient method. In this paper the electrostatic wind 
is ignored and an attempt made to develop the most ef- 
ficient device for charging the particles and attracting 
them out of the air. The resulting device accomplishes 
results not considered possible in devices where the elec- 
trostatic wind is utilized. 


EFFECT OF THE ELECTROSTATIC FIELD 


The particles are charged in the region of a corona dis- 
charge. Here a high local electrostatic field is produced by 
impressing a high voltage on points or a fine wire. This 
local voltage gradient is sufficiently high to produce ioni- 
zation by collision and a self-maintaining discharge. If 
the point or wire is negative, the positive ions generated 
in the discharge are attracted to the negative electrode 
but the electrons are repelled and drift toward the large 
positive electrode. Probably most of the electrons quickly 
become attached to air molecules forming negative ions. 
This space charge forms a high opposing voltage which 
limits the current and produces a stable discharge. 

The electrons or ions drifting through the gas tend to 
follow the electrostatic lines of flux. Dust particles usu- 
ally have a dielectric constant greater than one and distort 
the field tending to concentrate the flux through the par- 
ticle (figure 1). This drives the drifting charges toward 
the particle. Any charge on the particle exerts a force 
tending to repel ions from the particle. The maximum 
charge which the particle can attain is that at which this 
repulsive force cancels the effect of the main electrostatic 
field. Ladenburg’s equation expressing the balance of 
forces acting on an electron just outside the dust particle 
at this limiting charge is 


k—1 ne? 
{1 +2251) z- "0 (1) 
Solving for n, 
ee, ee (2) 
Nara bie Aye 


This equation gives the maximum number of electrons 
which can be collected by a dust particle of radius r and 
dielectric constant k in a field strength Eo. Experiments 


CYLINDERS AND ALTERNATE 
PLATES GROUNDED 


POSITIVE PLATES 


ee INTERMEDIATE PLATES 

Sig ay CHARGED 10 HIGH 
NEGATIVE POTENTIAL 

Teme mrss _—_}-THEORETICAL PATH 


OF A CHARGED 
DUST PARTICLE 


RS 
WIRE AT HIGH , 
NEGATIVE POTENTIAL 


NEGATIVELY CHARGED. 
PARTICLE 


Fig. 2. Cross section of the ionizing unit and 
parallel dust-collecting plates of an electrostatic 
precipitator, showing the path of a dust particle 
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Fig. 3. An electrostatic precipitator developed 
for use with a spray booth in a pottery plant 


indicate that this charge is approached in a small fraction 
of a second as compared to the 2 to 10 seconds ordinarily 
required for precipitation in conventional practice. 


EFFECT OF MOLECULAR MOTION OF ELECTRONS OR IONS 


In addition to the driving force of the electrostatic field 
the heat or molecular motion of the electrons or ions tends 
to charge the dust particles. The effect of this heat motion 
becomes increasingly important as the particle size de- 
creases. Ladenburg considers this effect to be the con- 
trolling factor for particles less than !/, micron in diameter. 
When the dust particle is uncharged, the ion will not be 
repelled but as a charge accumulates on the particle, this. 
charge tends to repel ions so that there will be relatively 
few ions having sufficient velocity to overcome the repul- 
sive force. This gives a rapid rate of charging the 
particle as long as the ion velocity required is below the 
most probable velocity but when the charge on the particle 
reaches such a value that only a few ions have sufficient 
energy to reach the dust particle, the charging proceeds 
very slowly. The mathematical theory is rather long>®78 
to review here but a few values are given in table I which 
compares the values of ” obtained by this theory with 
that given by equation 2. The particle will, of course, 
tend to take the maximum number of charges. 


SEPARATION OF PARTICLES FROM THE GAS 


In the conventional precipitator the charging of the 
particles and their separation from the gas was accom- 
plished in one chamber with a discharge taking place 
throughout the length of travel of the gas. Both experi- 
ment and theory indicate that the charging of the particles 
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Fig. 4. The ionizing unit of the precipitator 


Fig. 5. Parallel-plate dust-collecting assembly 


kes place very rapidly as compared to their separation 
9m the gas. Furthermore, the charging process inher- 
itly requires a nonuniform field while for most efficient 
paration the field should be uniformly high. It has been 
und possible to make the process much more efficient by 
st ionizing the particles and then separating them from 
ie gas in the electrostatic field between parallel charged 
ates. 

Figure 2 is a schematic drawing showing a cross section 
a precipitator using an ionizing unit and a separate dust 
lector consisting of parallel plates, alternate plates 
‘ing grounded and the remaining plates being connected 
a source of high d-c potential. 

If we assume any given charge ve on a dust particle, in 
1 electrostatic field, there will be a force neX acting to 
ull the particle toward the opposite electrode. The drift 
the particle through the gas is opposed by the viscous 
sistance of the gas and can be calculated by Stokes’ Law. 


ek = Vqg6arpr (3) 
ne FE 

———— (4) 
67rpr 


The velocity of a given charged particle will then be pro- 
yrtioned to the field strength. The time required to 
avel the distance A perpendicular to the air is given by 


6rpr 
nerHo 


A 
ey A (5) 
we assume such a negatively charged particle moving 
tween 2 parallel electrodes (figure 2) and starting near 
ie negative electrode, the maximum allowable air veloc- 
y is that at which the charged particle will just reach the 
sitive electrode before passing out of the region between 
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the plates. The time required to travel the distance L is 
given by 


IL; 
tp= — 6 
eer: (6) 
Equating 
A A 
t = t SS Ti 
a g Vi V, ( ) 
16M 
VY, = — 8 
9 r (8) 


To secure the maximum capacity, V, should be as large 
as possible. It is evident that V, is inversely proportional 
to the plate spacing A for a given electrostatic field 
strength. Over a considerable range of plate spacing the 
electrostatic field strength can be greater as the plate spac- 
ing is decreased, so that the capacity of a given precipitator 
increases faster than inversely proportional to the plate 
spacing. The lower limit of plate spacing is usually de- 
termined by manufacturing limitations and by space re- 
quired for the collection of dust. 

The arrangement of separate ionization and parallel dust 
collecting plates has been proposed years ago. But the 
use of this construction to obtain a more compact and 
efficient unit for removing low concentrations of dust with 
a very low generation of ozone and oxides of nitrogen does 
not appear to have been appreciated. 

This discussion has been based on the assumption of 
streamline flow between parallel electrodes. Actually 
some turbulence frequently exists but tests have demon- 
strated that these relations approximate most of the actual 
conditions and constitute a very valuable guide in the 
general discussion of precipitation. 


EFFECT OF PARTICLE SIZE 


From equation 2 it is evident that the charge collected 
by a particle due to the effect of the electrostatic field is 
proportional to the square of the diameter. While from 
equation 3 the resistance offered by the air is proportional 
to the first power of the diameter, the allowable velocity is 
according to this theory proportional to the diameter of 
the particle to be removed. As the particle size decreases, 
the heat motion of the ion gives an additional charge 


10 VOLTS 


DOOR 
SWITCH 
| 12,000 VOLTS 
. 5000 VOLTS 
24 HIGH- VOLTAGE 
PLATES 
23 LOW- VOLTAGE 
PLATES 
Fig. 6. Wiring diagram of the precipitator 
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above that due to the electrostatic field so that actually the 
allowable velocity does not decrease directly with the 
particle size, although the fine particles are more difficult 
to remove than large particles. 


RETENTION OF PARTICLES ON COLLECTING ELECTRODES 


The electrostatic force exerted by the field on the 
charged particle acts to carry the particle through the air 
toward the oppositely charged electrode. 

But when the particle touches that electrode if the dust is 
conducting the charge leaves the particle and a surface 
charge of opposite sign appears representing the condenser 
charge of the electrodes. This tends to repel the particle 
from the electrode. On the other hand, if the particle could 
be a perfect insulator, at least on the second layer of par- 
ticles, the charge would remain on the particle and the at- 
traction be maintained. The actual case will be somewhere 
between these extremes. But in any case we cannot rely on 
the electrostatic force to hold the particle on the electrode. 
It must be held by adhesion. Most fine particles normally 
adhere. In special cases the plates may be coated with oil 
or other material which will cause particles to adhere, al- 
though in this case they adhere so well that cleaning of the 
plates is very difficult. With some types of dust, it may col- 
lect normally but a jar may loosen agglomerations of dust. 


Table I—Theoretical Maximum Charge on a Dust Particle 


Maximum Maximum 

Radius of Charge Due Charge 
Particle, Diameter Dielectric to Field Due to 
Centimeter Microns Constant Equation 2, E) =5 Heat Motion 

PSO mee yess otek QO Sate gsc Me ccatiestacepos 1.05 x 104 

nA KO eat Je, Ass ZO” Sisters BP ie eh COS AOE cs ne ee LOO 

Lb-olVintin Rare oeeterrae 20) gveae jeter Cnt eveiee panera 3.15 x 104 

ISS Oia ss Fm acne one 7M Pati or tM seseteaekcuo ewok 105 

TIS) CD Sak Se inpeter ter sney.4 Qi Rene eas ae Bee Mea cvae SL Oe topo corre 207 

EX DO eee ates creer Bromo faore tate a eos ONL aie entree 315 

DLO Sess eee eee Oo ee seg ae | eek RET Rane 1 

SO ee eee. tae Oe cic iea ayn Beri. acangun stale Die eitever netted ate 19 

1 bral (Va a a cameprocr ts (iS nn Oa cares 3 


Many cases of this type can be solved by using a simple 
mechanical filter past the precipitator. Such a filter would 
not remove the dust in its original, finely divided state but 
when the dust breaks loose from the plates it tends to do 
so in large pieces or agglomerations which are sufficiently 
large to be caught by the filter. 


Description of the New Precipitator 


Figure 3 shows a photograph of a complete precipitator 
which was built for removing the glaze from the air ex- 
hausted from a spray booth in a pottery plant. The high- 
voltage power supply unit consisting of transformer, rec- 
tifier tubes, and condensers, is mounted in the case at the 
left of the photograph. The ionizing units are mounted at 
the lower part of the case and the plate assemblies above. 
The ionizing unit consists of parallel grounded cylinders 
with wires carried on insulated supports spaced between 
the cylinders. The wires are connected to the high- 
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potential power source ‘giving 12 to 14 kilovolts d-e. 
Figure 4 shows a photograph of an ionizing unit remove 
from the case. 

Some dust collects on the grounded cylinders of the ion- 
However, most of the dust is deposited in the 
Figure 5 shows one of 
Alternate plates are 


izing unit. 
dust collection plate assemblies. 
these units removed from the case. 


Fig. 7. Efficiency- 

volume curve of 8 

the precipitator 2 
2100 

as 
& 40 

a 

a 
20 
0 
0 


50 100 150 200 250 300 
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grounded, being supported from the case. The remaining 
or intermediate plates are supported by insulated bars and 
aré charged to a lower voltage than the ionizing units. 
Figure 6 shows a wiring diagram. 


Efficiency of Precipitation 


The equations derived on the basis of maximum charge 
obtainable would indicate 100 per cent efficiency up to a 
given critical velocity (equation 8) and a rapid reduction 
in efficiency above this velocity. In practice, this abrupt 
transition is not obtained for several reasons. Particles 
vary greatly in size. All particles of a given size do not 
obtain the same charge because the dielectric constant 
varies, the field is not uniform over the ionizing region, the 
shape of the particles vary, and the equations governing 
the charging of small particles depend on the probable 
movement of ions and in the smaller particles the numbers 
involved are too small to give a uniform result. Figure 7 
shows a typical curve obtained by test. This shows that 
we can increase the efficiency of a given unit to almost any 
desired value by merely reducing the volume of gas 
cleaned. 

The initial development on this precipitator was for the 
purpose of removing the dust, mainly black smoke par- 
ticles, from air particularly in cities where soft coal is 
burned. In this application we are interested primarily in 
the tendency of the air to blacken wall paper, draperies, 
merchandise, etc. This characteristic can be measured by 
drawing the air to be tested at a measured rate, through a 
piece of white cloth. Figure 8 is a photograph of 3 such 
samples taken simultaneously. One shows unfiltered air. 
The second sample shows air which had passed through a 
common commercial oil-coated filter. On coarse dusts, 
tests can be made which will give a weight efficiency of over 
99 per cent for this same coated filter, but when tested 
using these fine smoke particles, the cleaning effect of the 
coated filter was almost negligible. The third sample 
shows air which had been passed through an electrostatic 
precipitator. 
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Another method of determining efficiency is to count the 
number of particles suspended in the air before and after 
passing through the cleaning device, using the Greenburg 
Impinger? recommended by the Bureau of Public Health. 
A test made using a dust of ground silica rock and count- 
ing the particles by this method gave the following results: 


1. Unfiltered air—430 X 107 particles per cubic foot. 


2. Air filtered through the viscous coated filter—350 X 107 particles 
per cubic foot or 19 per cent efficiency of cleaning. 


8. Air passed through the electrostatic cleaner—2.3 X 107 particles 
per cubic foot or 99.5 per cent efficiency. 


— 


Another method of making such particle counts is the elec- 
trostatic dust sampler.‘ 

- The efficiency of a given unit will vary over wide limits 
based on the method of test. Usually a weight test gives a 
high efficiency, since the larger particles are efficiently re- 
moved and constitute a large portion of the weight. It is 
possible on filters for instance, to make tests where the 
weight efficiency will be above 95 per cent and yet the 
particle count using the impinger may show an efficiency 
below 20 per cent. The tests used to obtain the curve of 
figure 7 were made using a smoke and air mixture and 
measuring the time required to produce a given blackness 
of a piece of cloth. A condition giving 95 per cent based on 
this test would give well over 99 per cent using a weight 
test. 


Fields of Application 


This type of precipitator is particularly adapted to re- 
moving light concentrations of fine dust. Some of the 
principle fields of application are: 


1. Removal of industrial dusts which constitute a hazard to health 
of employees. 


2. Air cleaning to protect delicate apparatus or processes. 


8. Air cleaning in homes and offices in soft-coal burning cities to 
reduce cleaning of walls, draperies, etc. 


4. Air cleaning for the relief of hay fever and asthma. 


5. Air cleaning in stores to reduce damage to merchandise. 


A B G 


Fig. 8. Results of passing through cloth filters a 
volume of 10,000 cubic feet of air cleaned by 3 
different methods 


A—uUncleaned air 
B—Mechanically cleaned air 
C—Electrostatically cleaned air 
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Fig. 9. A type of electrostatic air cleaner used 
for the relief of hay fever and asthma 


In the operation of delicate relays such as automatic 
telephone switching equipment, considerable trouble may 
be caused by atmospheric dust which is so fine that it is not 
removed by ordinary means. Precipitators are giving 
satisfactory results in such service. 

Experimental electrostatic air cleaners have been opera- 
ted in connection with hot air furnaces and have shown a 
remarkable reduction in household cleaning required in 
locations where atmospheric pollution is serious. 

Hay fever has been recognized as a disease caused by 
pollen carried by the air. Some types of asthma are also 
caused by air-borne dust, some of this dust being very fine. 
Early in the experimental work on the precipitator, 2 
hospital rooms were equipped with electrostatic air clean- 
ers. Very satisfactory results were obtained on hay fever 
and certain asthma cases. This work has been reported 
by Criep and Green.* Since the publication of this paper 
even more startling results have been obtained in relieving 
certain asthma cases. Figure 9 shows a picture of a pre- 
cipitator designed for this service. This unit consists of a 
fan, ionizing unit, dust collection chamber, and high- 
voltage power supply consisting of transformer, 2 rectifier 
tubes and condensers. It is equipped with a small neon 
light which glows when the unit is operating. The dust 
collecting element is easily removed for cleaning and is 
constructed entirely of metal and porcelain so that it can 
be washed out using an ordinary hose and nozzle. The 
time required for precipitating the dust (including ioniza- 
tion) is a measure of the size of the unit. In the unit 
shown in figure 9 the precipitation time is 1/; second as 
compared to 2 to 10 in older conventional precipitators. 


Appendix I—Symbols 


= viscosity of the gas 

charge on the electron 

number of electrons on a dust particle 

= electrostatic field strength in volts per centimeter 


(Concluded on page 128) 
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Dielectric Strength of Transformer Insulation 


By P. L. BELLASCHI 


MEMBER AIEE 


HE voltage-time charac- 
T teristic of insulation is of 

great importance in engi- 
neering and theoretical dielec- 
tric problems. <A_ practical 
case is the early recognition 
that the time of application of 
voltage be reduced when test- 
ing transformers at industrial 
frequencies higher than the 
normal.’? Later when the protection of electrical ap- 
paratus against lightning received close attention, natu- 
rally insulation was studied in considerable detail in the 
impulse region which extends from about 100 micro- 
seconds to a fraction of a microsecond.** Recently 
some data®* have been reported to the AIEE to establish 
the voltage-time characteristic of insulation over its 
range up to the order of one minute, but these data are 
limited in scope. More data are therefore required to 
establish adequately the voltage-time characteristics of 
insulation. 

The purpose of this paper is to fulfill this need more 
fully. It presents the data and results of a compre- 
hensive investigation on solid and liquid insulations 
(0.056- and 0.125-inch fullerboard; 0.25-, 0.50-, and 
1.00-inch transformer oil). Some 2,000 tests were made 
and approximately 750 cathode-ray and magnetic oscillo- 
grams recorded. These data permit establishing the 
voltage-time characteristics of the insulation tested over 
the entire range from a fraction of a microsecond to 
beyond one minute. Tests were also made on insulation 
structures similar to those in large high-voltage electrical 
apparatus, thus enhancing the usefulness of the investiga- 
gation. In the paper the technique and test methods 
developed, always an important factor in fundamental 
work, are given in detail. These methods can be applied 
in similar investigations on other insulation materials. 
Besides the data reported in curve form, other pertinent 
observations and findings (such as corona, character of 
breakdown, etc.) are reported, which should be of guidance 
in the correct interpretation of the mechanism of insula- 
tion breakdown. 


Test Methods 


The voltages which appear on electrical systems may 
conveniently be classified according to their duration as 


impulse, switching, and normal-frequency voltages. 


A paper recommended for publication by the AIEE committees on electro- 
physics and electrical machinery. Manuscript submitted October 31, 1936; 
released for publication December 2, 1936. 


P. L. Betvascui is development and research engineer, and W. L. TEAGUE is 
engineer, for the Westinghouse Electric & Manufacturing Company, Sharon, Pa, 
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This paper presents a summary of the results of 
over 2,000 tests on the dielectric strength of 
transformer oil and insulating material for impulse, 
switching, and 60-cycle voltages. 
tests the voltage-time characteristics of the 2 | 
insulations tested may be established over the 
entire range from a fraction of a micresecend to 
more than one minute. 
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W. L. TEAGUE 


ASSOCIATE AIEE 


Means were therefore provided 
to produce corresponding test- 
ing voltages and to measure 


From these the voltage and its duration, 


IMPULSE TESTS | 


These tests were made with 
the standard impulse genera- 
tor set up to produce a nominal 
11/ox40 microsecond wave. 
Voltage and time were measured with a cathode-ray oscillo- 
graph connected across the test piece through a capaci- 
tance divider which was calibrated against a resistance 
divider. The equipment and general procedure conform 
to the established practice in impulse testing?“ Typi- 
cal oscillograms of impulse voltages applied to the test 
piece are shown in figure 8A, B, and C. 


SWITCHING SURGE TESTS 


The circuit in figure 1 was devised for these tests. 
The surge generator is arranged for a high capacitance 
(C, = 0.1 microfarad) and supplies a voltage of 350 kv 
or less. The generator discharges into a load capacitance 


L=1.2 HENRIES 


sole Re=10,000 
C.20.e |e 


Fig. 1. 


Circuit and arrangement for switching-surge 
tests 


Resistances in ohms; capacitances in microfarads 
C—Cathode-ray oscillograph 
D—Voltage divider 
G—925-centimeter sphere gap 


S—Surge-voltage generator 
T—1,000-kva 1392-kv trans- 
former 


of 0.08 microfarad through an inductance of 1.2 henries. 
The test piece is across the load capacitance. The dura- 
tion and wave form of the surge across the test piece is 
fixed by the constants of the circuit and the magnitude 
can be controlled by the charging voltage applied to the 
surge generator. A typical oscillogram of the surge 
voltage employed in these tests is given in figure 8D. 

The method of measuring the voltage was by means of 
the cathode-ray oscillograph connected through the 
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Fig. 2. Circuit and arrangement 
for short-time 60-cycle tests 


Resistances in ohms 

A—Switch 

B—600-kva single-phase 60-cycle genera- 
tor 

C—Circuit-breaker tripout coil 
G—25-centimeter sphere gap 
M—Release magnet for switch A 
R—500-kva step induction regulator 
R,—Initiating relay operated by magnetic 
oscillograph 


nS. 


Ro—Time relay 
T—300-kv 150-kva testing transformer 


F;—Current transformer, 5 to 50 am- 
peres 


V—Voltmeter coil 


capacitance divider as indicated in figure 1. The capaci- 
tance divider was calibrated against a resistance divider 
connected across the load. The resistance divider cali- 
bration established that the wave form of the surge applied 
to the test object was faithfully recorded at the cathode- 
ray oscillograph with the capacitance divider. The test- 
ing set was also calibrated against a 25-centimeter sphere 
gap and the relation between the output voltage at the 
load and the charging voltage of the surge generator was 
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established. The 2 methods of voltage measurement 
checked within 3 per cent. 


SHORT-TIME 60-CYCLE TESTS 


The circuit diagram and test arrangement for the 
short-time 60-cycle tests are shown in figure 2. The 
arrangement is such that a voltage of a desired magnitude 
can be applied for only a short time in the range of 5 to 90 
cycles. The voltage was supplied from a 300-kv 150- 


x 60-CYCLE BREAKDOWN VALUES 
® ” “ HOLD n 


ELECTRODE a 
2L”DIA X15 THE on GAP 5 


= w«_ ELECTRODE 


6’DIAX 3 TK 


KILOVOLTS CREST 


0.25 | (May 2) 1f2)1\9) 100 1000 


car ae 
d 


6\CYCEES 


10,000 100,000 000,000 ~—- 10,000,000 =: 100,000,000 


MICROSECONDS 
Fig. 3. Voltage-time breakdown curve for transformer oil, 0.25-inch spacing 


January 1937 


Bellaschi, Teague—Transformer Insulation 


165 


+ POSITIVE-IMPULSE BREAKDOWN VALUES 


@ ” “ HOLD “ 
@ NEGATIVE ” BREAKDOWN u 
oO u u HOLD “ 


320 


x 60-CYCLE BREAKDOWN VALUES 
eu 7 HOLD u 


ELECTRODE 


2¥DIAxI4 TKN oie 
ely 2 


SSF ELECTRODE 
6”DIA X = TK 


160 


KILOVOLTS CREST 


120 


10,000 100,000 1,000,000 10,000000 ~=100,000,000: 


MICROSECONDS 


Fig. 4. Woltage-time breakdown curve for transformer oil, 0.5-inch spacing 


kva testing transformer excited from a step-induction 
regulator by which the voltage could be adjusted. A 
load resistance of 132,000 ohms was connected across 
the testing transformer by means of a large air insulated 
switch A. The test piece was connected directly across 
this load resistance. The test set was calibrated, meas- 
uring the voltage at the test piece with a 25-centimeter 
sphere gap and the voltage on the voltmeter coil of the 
testing transformer with the set operating to trip off the 
voltage in the same way as when making the actual tests. 

The method of controlling and measuring the time will 
be apparent from a brief description of the test procedure 
and reference to figure 2. The testing transformer is 
first excited to give the desired voltage. Then the ini- 
tiating relay, operated by the magnetic oscillograph, 
energizes the ‘‘release magnet’’ and permits switch A to 
close by gravity, and apply the voltage to the load re- 
sistance and the test piece. 

The current flowing through the load resistance is 
stepped up through a 5/50-ampere current transformer 
and energizes the ‘‘time relay’. The time relay closes 
the circuit that energizes the trip-out coil of the circuit 
breaker in the primary of the regulator and thus the 
voltage across the test piece is removed. The number 
of cycles the voltage is applied can be varied by adjusting 
the timing relay. The time of voltage application is 
measured by the magnetic oscillograph connected across 
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the secondary of the current transformer. It registers 
the number of cycles that the current flows through the 
load resistance and hence the time that the voltage is 
applied to the test piece. Typical oscillograms of the 
voltage-time application are shown in figure 8F and G. 


LoNnG-TIME 60-CyYcCLE TESTS 


The voltage supply for these tests was a 150-kv 75-kva 
testing transformer excited through an induction regulator 
for voltage control. The voltage measured at the volt- 
meter coil of the testing transformer was calibrated 
against a 25-centimeter sphere gap connected across the 
test load. The time in these tests was of sufficient dura- 
tion for direct measurement with an ordinary watch. 


Testing Technique and Data 


The fullerboard samples used in the tests were 12 inches 
by 12 inches for the 0.056-inch thickness and either 12 
inches by 12 inches or 24 inches by 24 inches for the 
0.125-inch thickness. The fullerboard was thoroughly 
dried out in a heating oven and oil-impregnated under 
vacuum similar to the treatment for transformers. In 
all the tests standard transformer oil was used. The oil 
was at room temperature, 13 to 22 degrees centigrade, 
and its strength as tested in the standard AIEE cup was 
between the limits of 28 to 36 kv (root mean square) 
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which is well above the accepted value for good oil. 

In all tests the line electrode was a 2 !/2 inch diameter, 
11/2-inch thick polished brass disk with square edges 
and the grounded electrode was a 6-inch diameter, 3/s- 
inch thick smooth brass plate. The electrodes were 
arranged coaxially and supported by a rigid Micarta 
framework. In the oil tests the electrodes were set and 
rigidly clamped at the desired separation and in the 
fullerboard tests they were pressed firmly against the 
test sample. 

All tests were started at 60 to 70 per cent of the ex- 
pected breakdown value. The voltage was first increased 
in steps of about 10 per cent and as breakdown was ap- 
proached the steps were reduced to 2 to 3 per cent. The 
total number of voltage applications on each sample was 
from a few up to as many as 25 with an average of about 
10. In the impulse tests where the breakdown occurred 
on the front of the wave (figure 8A), the first test resulted 
in failure. A rest period of 2 minutes or more was allowed 
between repeated voltage applications on a sample. 

The minimum corona voltage was determined starting 
at a low voltage and increasing it in small increments 
until corona could just be detected. In the impulse, 
switching, and short-time 60-cycle tests corona was first 
detected visually, whereas in the long-time 60-cycle tests 
it was first detected audibly. 

From these tests the voltage-time characteristic curves 
for transformer oil and oil-impregnated fullerboard are 
plotted in figures 3, 4, 5, 6, and 7. Both the breakdown 
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and the maximum hold values are given on the curves. 
The corona values are also shown. 


Discussion of Tests and Data 


The breakdown of oil on impulse, switching, and short- 
time 60-cycle voltages was somewhat erratic. The varia- 
tion was reduced to an apparent minimum when proper 
precautions were taken in cleaning the electrodes, in re- 
placing burned oil from between the electrodes with 
fresh oil, in removing trapped air from the oil, and in 
beginning the tests at low voltage and increasing it in 
small steps to failure. Even with these precautions a 
spread of 20 to 30 per cent is found as shown in figures 
3, 4, and 5. 

One inherent characteristic of oil is the long time-to- 
breakdown on impulses, as illustrated in oscillogram 
figure 8C. In some cases the time-to-breakdown was as 
great as 25 microseconds, as can be seen in figure 4. 

No corona could be observed previous to breakdown 
in any of the tests on oil except there appeared to be a 
slight amount just preceding breakdown of the 1-inch 
spacing in the short-time 60-cycle tests. Most of the 
failures occurred from the edge of the line electrode, 
though for the 1l-inch spacing a considerable proportion 
was from the face of the line electrode. 

Tests with positive and negative impulse and switching 
voltages were made on the !/2-inch oil gap. There is no 
marked difference in breakdown voltage for the 2 polar- 
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ities, though the negative breakdown values are on the 
average somewhat greater than the positive. In the 
short-time 60-cycle tests the polarity of the 60-cycle 
voltage at failure could be determined from the magnetic 
oscillograms. Of 22 tests, 15 failed on positive polarity. 
The voltage-time characteristic curves for the 1!/,-inch, 
1/y-inch, and l-inch oil gaps (figures 3, 4, and 5) are es- 
sentially of the same form. They are flat in the region 
between 10 to 1,000 microseconds, rise rapidly for impulse 
voltages shorter than 10 microseconds and fall gradually 
from 1,000 microseconds to one minute. The close sim- 
ilarity of the 3 curves can be seen by comparing the ratios 
of voltage at any time value to the one-minute voltage 
(impulse ratio). For example, the impulse ratios for the 
1/,-inch, 4/2-inch, and l-inch oil gaps are respectively 
2.4, 2.6, and 2.5 at 40 microseconds. The relation be- 
tween voltage breakdown (V) and oil gap spacings (d) 
for these curves is closely expressed by log V=0.5 log d. 
The voltage-time characteristic curves of oil-impregnated 
fullerboard tested in transformer oil are given in figures 
6 and 7 for 0.056-inch and 0.125-inch thicknesses respec- 
tively. In these tests breakdown was definitely preceded 
by corona. In the impulse tests the corona voltage for 
the 2 thicknesses appeared at approximately 45 per cent 
of breakdown voltage. On increasing the impulse volt- 
age above the corona value visible streamers in increasing 
length extended from the edge of the line electrode along 
the surface of the fullerboard reaching a length at break- 
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down of about 2!/2 inches for the 0.056-inch fullerboard 
and 31/2. inches for the 0.125-inch fullerboard. Thes@ 
observations of corona were confirmed by the inspectio 
of the marking on the fullerboard after test. The maxij 
mum time-to-breakdown in the impulse tests on fuller-} 
board occurred near the crest, figures 6 and 7 and oscil-| 
logram figure 8B, as compared to the long time breakdown 
in oil. It is of interest to note that the corona voltages 
of the 2 thicknesses of fullerboard (60 kv and 95 kv) corre-} 
spond closely to the estimated breakdown voltage for the 
same spacing of oil gaps. 
An important observation is the nature of breakdown. 
For the positive polarity impulse tests somewhat more 
than 80 per cent of failures for the 2 thicknesses of fuller- 
board were from the face of the line electrode and less 
than 20 per cent were from the edge. Whereas for the 


negative polarity tests, which were made on the 0.125- 


inch fullerboard alone, only 35 per cent of the failures were 
from the face of the electrode and 65 per cent occurred at 


the edge. The location of these failures indicates the 
grading effect of the positive streamers on the edge of the 
line electrode and also suggests a considerable voltage 
drop along the length of the streamer from the base to the 
tip. Apparently negative impulse streamers are of a 
different character than the positive and do not produce 
the same grading effect on the edge. 

The length of the corona streamers for the switching 
surges (oscillograms, figures 8D and £) were considerably 
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greater than for the impulse. In fact creepage took 
place at 160 kv over the edge of the 12-inch by 12-inch 
samples, 0.125-inch thickness, this making it essential 
to use 24-inch by 24-inch samples. The location of the 
breakdown for the positive polarity switching surges was 
in 55 per cent of the tests from about '/2 to 11/2 inches 
outside the edge of the line electrode. These points of 
failure were from a streamer. The other 45 per cent 
of the failures were either from the edge of the electrode 
or from the face near the edge. These observations 
for the positive switching surges suggest that due to the 
relatively long time of application of the voltage the 
streamers develop into a more conducting path resulting 
frequently in failure from a streamer rather than from the 
electrode. The points of failure for the negative polarity 
were at or near the edge of the electrode, thus indicating 
again the difference in nature between positive and nega- 
tive breakdown. 

In the short-time 60-cycle tests (oscillograms figure 
8F and G), 12 out of the 13 failures occurred on the positive 
polarity of the 60-cycle wave. The streamers were about 
the same length as for the switching surges. One-half of 
the failures occurred on streamers !/,; to 1 inch away from 
the electrode, the others were at the edge. Apparently 
the nature of breakdown for the short-time 60-cycle 
tests is of the same general character as that for the posi- 
tive switching surges. Further evidence on the nature 
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of breakdown is given from the 60-cycle tests applied 
for durations from 5 seconds to one minute. In 80 per 
cent of these tests, failure occurred on a streamer 1/; to 
1 inch from the electrode and the other 20 per cent were 
at the edge. The extent of the visible corona from the 
electrode was much less pronounced than for short-time 
60-cycle switching and impulse voltages, due undoubtedly 
to the lower breakdown voltage. 

The appearance of the breakdown in the fullerboard 
is illustrated in figure 9. For the impulse voltages the 
failures are distinctly of a disruptive character with prac- 
tically no indication of burning. The switching tests 
produced failures similar in appearance to those of the 
impulse, although the extent of the rupture was greater 
due to the larger current. The short-time 60-cycle tests 
were somewhat disruptive in character and also showed 
considerable burning. The 5 seconds to one minute 60- 
cycle failures showed a decided burned effect. 

An important observation of the fullerboard tests was 
in connection with the surface marking on the test sample. 
Even though as many as 25 repeated impulse or switching 
surge voltages were applied to a sample up to breakdown, 
entailing profuse corona discharges, yet the amount of 
damage was extremely small and appeared to be confined 


‘to the surface layer. 


The form of the voltage-time characteristic for the 2 
thicknesses of fullerboard (figures 6 and 7) is of the same 
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60-Cycle Time —— > 


Fig. 8. Typical oscillograms 


A—Impulse tests, !/s-inch thick fullerboard 
B—|mpulse tests, 0.056-inch thick fullerboard 
C—Impulse tests, 1.0-inch oil gap 
D—Switching surge tests, 1.0-inch oil gap 
E—Switching surge tests, 1.0-inch oil gap 
F—Short-time 60-cycle tests, 0.25-inch oil gap 
G—Short-time 60-cycle tests, 1.0-inch oil gap 


type. As compared to the characteristic of oil however, 
the fullerboard characteristic is flat for a greater range 
of time in the impulse and switching surge regions. The 
fullerboard curves are flat from 2 to 10,000 microseconds, 
rise for shorter times than 2 microseconds, and fall quite 
rapidly from 10,000 microseconds to one minute. The 
corona curves are of similar shape. The data points are 
quite consistent from 6 cycles to one minute. In the 
switching surge region the spread in the points is about 
20 per cent, which is the same as in the impulse region, 
but the values are higher than for the long impulses, ap- 
parently due to a better grading effect. 

The impulse ratio for the 2 thicknesses of fullerboard is 
of the same ordet' for the entire range of time and at 2 
microseconds the average is 3.1. 

The relation between voltage strength (V) and thick- 
ness over the greater range of the 2 curves for fullerboard 
is expressed by log V = 0.6 to 0.7 log d. 


Combined Solid and Liquid Insulation 


To further extend the investigation, tests were made 
on a barrier structure of 2 0.056-inch thick, 36-inch by 
36-inch fullerboard sheets and 3 !/s-inch oil ducts ar- 
ranged alternately. A 4-inch disk and a plate were used 
for the line and the ground electrodes, respectively. Im- 
pulse tests were made by applying 100 repeated applica- 
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Fig. 9. Typical fullerboard failures 


A—\mpulse tests, 0.056-inch thick fullerboard 

B—Switching surge tests, 0.056-inch thick fullerboard 
C—Short-time 60-cycle tests, 0.056-inch thick fullerboard 
D—One-minute 60-cycle tests, 0.056-inch thick fullerboard 


tions at each voltage setting up to failure. The one- 
minute 60-cycle breakdown strength was also established. 
The average test values were 300, 300, 280, and 130 kv 
for 0.85 microsecond, 2.5 microseconds, full 40 micro- 
seconds, and one-minute 60-cycle test (crest), respec- 
tively. These results show an average impulse ratio 
of 2.2. These tests for a large number of repeated 
impulses confirm the constant strength over the impulse 
region even down to the very short times, as previously 
established.* For the longer times these values indicate 
the same form of voltage-time characteristic as shown 
for the fullerboard and oil alone. 

Though this barrier and the fullerboard and oil alone 
are elements of electrical apparatus insulation, they do not 
conform to the best design structure used in practice. 
Therefore 2 power transformers, a 132 kv core-type and 
a 132 kv shell-type were tested, as shown in figure 10. 
The impulse tests from 1 microsecond and less were made 
with a 24-inch rod gap chopping the wave on the front. 
From about 2.5-microsecond duration to the 40-microsecond 
full wave the tests were made in the same manner as in the 
recommended practice!”!? using a test rod gap. Switch- 
ing surges limited by a 381/,-inch co-ordinating rod gap 
were made on the core-type transformer and in a few of 
the tests the gap actually flashed over. Furthermore 
this transformer had previously been used in the switching 
surge tests in the set-up of figure 1 and had been subjected 
to more than 500 of these tests from 350 kv and less. 
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‘he standard one-minute 60-cycle test had also been 
nade. 

The dotted line at 860 kv (391 X 2.2) shows the maxi- 
num permissible impulse test level corresponding to the 
tandard AIEE 60-cycle test.** It will be seen that the 
ests above this line in region £ encroach on the margin 
f the insulation impulse strength. The tests in region 
) verify the adequate impulse strength levels of the trans- 
ormers. The tests in region C represent AIEE recom- 
aended impulse tests.!”!5 The highest switching tests 
re indicated at B. These tests on the transformer are 
mply indicative that the voltage-time characteristic 
f this and other apparatus of the kind is similar in shape 
9 that for the oil and fullerboard. These large num- 
ers of tests over the entire time range, from a fraction of 

microsecond to a minute, indicate that impulse and 60- 
ycle tests are sufficient to establish the adequacy of 

transformer design for practically all conditions of 
ervice. 


‘onclusions 


In the oil tests corona and breakdown apparently occurred 
multaneously. 


The impulse ratio at the full impulse wave for the oil tested is 
pproximately 2.5. The average strength of the oil is practically 
mnstant from 15 to 1,000 microseconds 


POSITIVE POLARITY TESTS *— CORE TYPE 


3. In the fullerboard tests even though profuse corona preceded 
breakdown, no appreciable damage could be observed on the insu- 
lation. 


4. The strength of fullerboard is practically constant from 2 to 
16,000 microseconds. Over this range the impulse ratio is close to 
Salt 


5. In the fullerboard tests a distinct difference was found in the 
nature of breakdown between the positive and the negative polarity 
as indicated by the corona streamers, the failures and the 60-cycle 
tests. 


6. The character of the breakdown for the impulse, switching, 
short-time 60-cycle, and long-time 60-cycle voltages was progres- 
sively from a distinct disruptive character to a burning effect. 


7. The strength of fullerboard and oil is essentially the same for 
switching surges as for impulse voltages at the full 40-microsecond 
wave. This characteristic and the tests on the transformers indi- 
cate that 60-cycle and impulse tests are proof of the adequacy of 
design for practical service conditions. 
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(Concluded on page 137) 


Curve showing hold tests on 132-kv power 
transformers 


Fig. 10. 
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Development of a Modern Watt-Hour Meter 


By |. F. KINNARD 


MEMBER AIEE 


HE a-c watt-hour meter 
Ts undergone many stages 

of development and im- 
provement since the first ac-de 
meter designed by Thomson 
in 1889 and the first induction 
watt-hour meter by Shallen- 
berger in 1894. Meters have 
grown smaller, they have be- 
come much more accurate under varying load conditions, 
and their cost has been reduced. There has been a 
definite tendency to increase the current range over 
which a meter will operate successfully. Another im- 
portant improvement has been the minimizing of errors 
due to variations in ambient temperature. Both of these 
features are of particular significance when considered 
from the standpoint of modern metering conditions. 

Watt-hour meters as they exist today have built up a 
deserved reputation for accuracy and reliability and at 
first thought it might appear that further attempts to 
improve performance might be unwarranted, if not im- 
possible. When carefully analyzed, however, it is evident 
that the “long range accuracy” that has been built into 
recent meters has really been an attempt to reach closer 
to the ideal, which would be a single meter capable of 
measuring all currents encountered in a given class of 
installations. Such a meter would simplify the problem 
of providing for future growth of load on an installation 
and at the same time adequately take care of the very 
small loads that are frequently of importance. It would 
eliminate the uncertainty of choosing the correct current 
rating for a given job, because there would be only one 
meter to use—one meter for all domestic loads. Such an 
arrangement would obviously be advantageous, particu- 
larly from the standpoint of reduction in inventory expense 
of complete meters and parts. 

More general mounting of meters out-of-doors in loca- 
tions where extreme high and low temperatures were 
encountered presented new problems. One of these was 
to provide higher accuracy over wider temperature ranges 
than heretofore. 

There appeared, therefore, sufficient justification to 
warrant a complete analysis of the fundamentals of watt- 
hour meter design with the objective of discovering 
means of providing these and other desirable improve- 
ments. 


hour meter. 


Factors Affecting Meter Performance 


At the outset, the basic design problems with an in- 
duction watt-hour meter are: first, to provide sufficient 
torque with a minimum of friction so that the effects of 
friction are minimized; second, to minimize the damping 
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A comprehensive discussion of the factors 
affecting the performance of a watt-hour meter 
is presented in this paper, and the general 
discussion is applied to a description of the 
development of a new type of domestic watt- 
Design and performance data on 
the new meter also are presented. 


Kinnard, Trekell—Watt-Hour Meter 


H. E. TREKELL 


ASSOCIATE AIEE | 


effects of the a-c fluxes in 
order that the performance 
will be good at abnormal 
voltages and at heavy loads; 
third, to decrease the inherent 
lagging angle and the potential 
circuit watts loss in order that 
wave form, frequency, low 
power factor, and class II 
temperature errors will be minimized. The induction 
meter is inherently accurate but it is these details that 
are the main causes of any inaccuracy. A good design 
must incorporate a consideration of all these factors. 


ANALYSIS OF ELEMENT DRIVING AND DAMPING Torqurs 


To analyze the inherent effects of the a-c fluxes in the 
driving element of a watt-hour meter, it is well to consider 
how these fluxes determine the element driving and 
damping torques. At normal conditions of load—that is, 
rated frequency and voltage, unity power factor, and 
nominal-load current, there will be established definite 
values of flux, and the driving torque at this point is 
commonly known as the nominal or full-load torque: 
For this condition, it may be assumed that the effective 
potential flux crossing the disk lags the applied voltage 
by 90 electrical degrees and that the useful current flux is 
in phase with the load current. For this condition, 
Jimbo! has shown that the load torque is equal to 


Sst 

T = 4x of Gade'¢i’ cos 6 1078 (1) 
g 

where 

T = load torque in gram-millimeters 

Ss = conductivity of disk in mhos per centimeter cube 

t = thickness of disk in centimeters 

f = frequency in cycles per second 

g = gravitational constant 

Gq = driving constant 

¢e’ = useful potential flux in maxwells, effective values 

¢:i’ = useful current flux in maxwells, effective values 

6 = phase angle between voltage and current 

G, is a dimensionless constant which is determined by 


pole shapes and displacements, their position relative to 
the disk, and the size of the disk. For any design, Gz 
may be readily estimated by methods of Jimbo or by 
methods proposed by Morton.? This driving constant 
is a direct measure of the effectiveness of any design in 
producing torque from given amounts of flux. 


A paper recommended for publication by the AIEE committee on instruments 
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The current and potential fluxes not only produce a 
riving torque but each also provides a damping torque 
vhich in the case of the current flux is the major cause of 
leavy-load droop, and in the case of the potential flux is 
he major cause of meter voltage errors. These damping 
orques are expressed as follows: 


Sto 

= — G; (ds)? 10° (2) 
g ; 

y Stw ‘ 

il s Ge ($e IE 10s? (3) 

vhere 

"; = current flux damping torque in gram-millimeters 

". = potential flux damping torque in gram-millimeters 


» = speed of disk in radians per second 
7¢ = current damping constant 


’ 


7e = potential damping constant 


These damping constants are also dimensionless and 
lepend upon the inherent meter design. The designer’s 


roblem is to provide the useful potential and current 
luxes from appropriate windings, so designing the mag- 
etic structure that the driving constant G, is as large 


POTENTIAL FLUX CURRENT FLUX 


Fig. 1. 


Distribution of potential and current fluxes 
in a watt-hour meter 
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Fig. 2. Perme- 
ability curve for 
silicon steel 
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s possible and the damping constants G, and G, are as 
mall as possible. By knowing these constants, the in- 
erent qualities of any element are largely established 
Ithough there are other features that must be considered. 
‘or instance, the structure which gives desirable driving 
nd damping constants may not be at all practical in that 
t may be difficult to efficiently provide the required mag- 
litude of a-c fluxes. 
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Equations 1, 2, and 3 have further value for they show 
that: 


1. The a-c damping torques in a meter are proportional to the 
meter speed so it is desirable to make the nominal speed as small 
as possible. This is accomplished by the use of a high-strength 
control magnet. 


2. For small current damping, the ratio $;'/¢,’ should be small 
and for small potential damping the inverse is true. The final 
choice depends upon the errors and the relative ease of correcting 
for them in the design. 


3. For given amounts of flux, the driving torque is proportional 
to frequency so that for the higher frequency ratings the damping 


figs: 


Element assembly of a new 3-wire domestic 
watt-hour meter 


effects of the a-c fluxes are relatively smaller. 
do not depend upon the rated frequency. 


The damping torques 


High-conductivity aluminum is used for the disk be- 
cause of the superior torque to weight ratio that results. 


THE VOLTAGE CURVE 


Since commercial power systems usually hold voltage 
within 10 per cent, it is necessary that a meter be correct 
for only a rather limited voltage range. Because of this 
and since the error is easily corrected in the design, the 
useful potential flux in modern watt-hour meters is usually 
4 or 5 times as large as the useful current flux at nominal 
load. This practice gives less current damping torque, 
improving the heavy load registration curve. A common 
method in use today to correct for the voltage damping 
torque or voltage error is to proportion the magnetic 
structure so that the useful potential flux increases more 
rapidly than the applied voltage. This has been ac- 
complished* without resorting to saturation. In this 
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qcummmmer we “2651 Fig. 4. The type Friction. Friction largely determines the reliability of 
ne Bere of lamination sustained performance and its presence is the principal 
el used for all sizes reason for a high driving torque which minimizes the 

of watt - hour effect of the friction torque. Friction is essentially 
meters constant in value at light loads where it is significant and 

provides a constant retarding torque which, unless com- 

pensated, will cause a drooping characteristic in the reg- 

istration curve as light load is approached from nominal] 

load. In a meter, this retarding torque is balanced by 

the light-load adjustment torque. At normal voltage, the 

2 torques cancel and the shape of the load curve is not 

affected. It is very desirable to keep the total friction 


Fig. 6. Light-load curves 
of the new domestic watt. 
hour meter and the super- 
seded type of meter at unity 

power factor 


4-H 
| PY |_| H+ ++4 
SccSsenc=osnnane 


PER CENT ACCURACY 


PER-UNIT ACCURACY 


1.0 15 
LOAD CURRENT —AMPERES 
20 30 40 
LOAD CURRENT —AMPERES A, B, S and D—Superseded type, rated at 5; 10, {sy 
and 25 amperes, respectively 
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Fig. 5. Heavy-load curves of the new domestic 


watt-hour meter and the superseded type of meters alae 
at unity power factor F—New domestic meter calibrated at 5 per cent of nominal 
load 


A, B, C, and D—Superseded type, rated at 5, 10, 15, and 
25 amperes, respectively 


E—New domestic meter hs 
SOs 
ba 
Sa 1.02 
scheme, the useful potential flux through sections A—A ars) LS 
: : oF 1.00 
figure 1, works below the point of maximum permeability 
- - ; - : 0.99 
in the iron and is operated in parallel with the shunt path 
at section B—B which works above the point of maximum 
permeability. 0 
Tue Loap Curve 2 


The factors which determine the shape of the speed- 
load or meter-accuracy curve, some of which have been 
previously published,* may be divided into 2 classes: 
(1) those that are significant in affecting the light load 
performance and (2) those that have the most influence 
on heavy load performance. These factors include: 


1. Ratio of friction to load torque. 
2. Variation of iron permeability. + 
8. Variation of torque due to anticreep holes. 


PER CENT EFFECT ON LOAD CURVE 


05 i0 50 a 
4. Damping effect of current flux. PER: CENT:OF NOMINALSLOAD CURRENT 
5. Torque due to load current alone. 


Fig. 7. Components of light-load curve without 
load compensation at unity power factor 


These factors affect light-load performance. 


These factors affect heavy-load performance. 
These 5 factors are the inherent factors in any meter 


that determine the load curve. A sixth factor which is pognaed SUNG: Eallbeates of Upsiceo to ponlne load 

i ; B—Load curve, calibrated at 5 per cent of nominal load 
a powerful tool to correct for error is load compensation Cit iiction E—Antiereep hole 
which will be considered later in this paper. D—lron F—Current damp 
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orque low in order to decrease variations and to reduce 
he compensation required. With latest improvements 
n bearing design which have been described recently,® 
he total bearing and register friction as measured® is ap- 
roximately 0.013 gram-millimeter. With a nominal 
pad torque of 52 gram-millimeters, the friction represents 
nly 0.25 per cent of the torque at 10 per cent nominal 
pad. In the earlier days of the metering art, friction 
vas a greater limitation, and the introduction of high- 
orque meters was a significant advance. Further re- 
inements in bearings which give long life and low friction 
ave reduced the effect of friction until other factors at 
ight load are equally or more important. 

Iron Permeability. With iron in the element magnetic 
ircuit, the current flux is usually more than proportional 
o the load current. This is due to the fact that in most 
lesigns the current flux magnetic circuit operates below 
he point of maximum permeability. The effect on the 
oad curve is often confused with friction since the effect 
f the permeability change is also a drooping characteristic 
is light load is approached, unless it is corrected by means 
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Fig. 8. Components of light-load curve with load 
compensation at unity power factor 


A—Load curve, calibrated at 10 per cent of nominal load 
B—Load curve, calibrated at 5 per cent of nominal load 
C—Friction E—Anticreep holes 
D—lron F—Current damping 


f the light-load compensation. Usually the compensation 
equired at 10 per cent nominal load, the usual calibration 
joint, is more than that required at smaller loads so 
he net result is a rising load curve below 10 per cent 
iominal load. The effect of the iron can be minimized 
yy the proper choice of magnetic sections, the use of high- 
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Fig. 9. Heavy- 1.0! 

load curves, with —_100 
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permeability iron, and by using a large main air gap with 
a large number of ampere-turns in the current coils. 

Anticreep Holes. The anticreep holes in the disk re- 
acting with the potential flux cause a small locking torque 
which must be overcome by load torque due to both 
current and potential flux before the meter will start. It 
is in this manner that the anticreep holes keep the disk 
from rotating when there is no load current flowing even 
though the light-load compensation torque has an average 
positive value. At loads just above starting, the meter 
speed varies due to the anticreep holes and the variation 
causes the average meter speed to be lower than it would 
be without the holes. This influence is present to a signifi- 
cant extent only at loads below 5 per cent of nominal 
rating. It may be considered beneficial because it he ps 
to correct for the effect of iron permeability variation. 

Current Flux Damping Torque. The presence of the 
current flux damping torque has been explained with the 
analysis of the element driving and damping torques. 
The current flux damping torque is the largest cause of 
heavy load errors. For any design, this error is approxi- 
mately proportional to the square of the load current 
since the current damping torque increases as (¢,’2) and 
w whereas the load torque is proportional to ¢,’.. Meter 
speed w is proportional to ¢,’ neglecting the meter error. 
There has been much progress in design to decrease this 
inherent error. In early meters, the error at 400 per 
cent nominal load amounted to as much as 12 per cent, 
thus limiting the load range for acceptable accuracy within 
150 per cent of nominal rating. This error at 400 per 
cent nominal load had been reduced to less than 2.7 per 
cent by the year 1927.6 This was accomplished by de- 
signing a meter element to make the best known possible 
use of the a-c fluxes as regards driving and damping 
torques, by using a high useful potential flux and a low 
useful current flux, and by using a strong permanent 
magnet and a low meter speed. This design gave very 
good performance without the use of heavy load compen- 
sation, giving satisfactory operation up to 300 per cent 
nominal load and still retaining good operation at light 
loads. 

Current Torque. It is well known by designers and has 
been experimentally determined that when there is an 
unbalance in the current flux magnetic circuit caused by 
having more turns on one current pole than on the other, 
there will be a driving torque generated in the disk due 
to the current flux alone. By making the proper pole 
have the greater number of turns, this torque will be 


175 


forward and will tend to correct for heavy load droop. 
This effect may amount to as much as | per cent at 400 
per cent nominal load with a 2 to 1 unbalance. This 
torque is present at all power factors so that it is propor- 
tionately more effective at the lower power factors. This 
feature is usually not desirable, particularly when heavy 
load compensation is used. In this case, the compensation 
is designed to be satisfactory at unity power factor so that 
with the current circuit unbalance the compensation will be 
too great at lower power factors and the meter will run fast. 


POTENTIAL AND CURRENT FLUX CIRCUITS 


The design of the current flux circuit is determined 
largely by the ampere-turns desired, the ratings in which 
a line of meters must be manufactured, and the space 
limitations. Provision must be made to include suffi- 
cient section so that temperature rise will be small, and 
the coils must be insulated for abnormal voltages. These 
features, with a consideration of the driving and damping 
constants, establish the current pole shapes and the current 
coil designs. 

The potential coil and core must provide useful flux at 
a phase angle not far from quadrature with the applied 
voltage. The design problem is to provide sufficient 
sections so that the watts loss is low. Furthermore, the 
ratio of resistance to reactance must be as small as possible. 
This is helped by using a coil of small mean length of turn 
and a good space factor. The number of potential coil 
turns should be low, calling for potential air gaps of small 
reluctance. This takes loss from the copper and places 
it in the iron where it is not so effective in determining 
the inherent lagging angle. 


TEMPERATURE ERRORS 


The causes of temperature errors have been considered 
by Kinnard and Faus.’? These errors are divided into 2 
classes, depending upon their influence on the meter. 
These 2 classes are: 


Class I. Those errors which affect all loads alike and which are 
equivalent to a change in magnet strength. 


Class II. Those errors caused by a change in phase angle between 
the useful potential and current fluxes. These errors appear only 
at lower power factors. 


The common method of class I temperature compensa- 
tion is that described in the paper referred to, in which a 
material having a negative permeability-temperature 
characteristic is used to shunt some of the permanent 
magnet flux. With increases in temperature, the shunt 
is less effective and the magnet damping strength is held 


o 


PER-UNIT 
ACCURACY 
= 


(ee PS Pee a PS 
Ce RC a a es 
[oe a ea a 

80 90 00 


| 
PER CENT OF RATED VOLTAGE 


0.99 


Fig. 10. Voltage calibration curve for the new 
domestic watt-hour meter 
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within desired limits. Much research has been under. 
taken since 1925 to extend the range of compensation to 
wider temperature differences, | 
Class II errors should first be minimized by designi 
with a small inherent lagging angle. The error can 
reduced by using lag plates and lag coils of low resistivity 
temperature coefficient materials. A common method of 
compensation, described by Brooks,® is to overlag t 
useful potential flux with a low-coefficient material a 
then correspondingly lag the useful current flux with a 
high-coefficient material. With the proper balance, the 
phase angle will remain unchanged with change in tem 
perature. This method has its disadvantages because 
it introduces additional watts loss and in some cases makes 
the low power factor operation poor. A more successful 
method of class II compensation is described later in this 


paper. 


Consideration of a Specific Design 


INHERENT ACCURACY 


The real criterion of any meter is its performance, bu 
the reasons for all characteristic curves are related with 
the above factors affecting meter performance. A funda 


mental method of comparison and analysis is to prepare 


ys 


Fig. 11. Interior view of the new domestic watt- 
hour meter, showing the light-load and lag adjust- 
ments mounted on the frame 


. 
a table listing the major design constants for any de 


sign. The choice of any design is then very straight 
forward, for the various factors can be weighed in thei 
true sense. In developing the meter described below 
many samples were tested and analyzed. All design 
were compared by listing the characteristic constants a 
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own in table I, which in this instance includes only the 
uta for the design finally chosen. 

Table I shows the inherent errors of the latest design 
) be small without compensation. It was found that 
tter and more consistent operation was obtained by 
ius reducing inherent errors and applying a minimum 
nount of compensation. 

Sufficient amounts of flux and a large driving constant 
sult in a high torque-to-weight ratio. It was necessary 
) keep the watts loss down to a reasonable value in de- 
ding on flux values. 

‘The slow meter speed and the small damping constants 
,and G, result in small inherent errors for abnormal 


Fig. 12. Lag 
plate and support, 
showing class Il 
temperature- 
compensating de- 

vice 


Itages and heavy loads. 
et result in negligible resultant errors due to voltage and 
mperature variations and permit a much longer load 
nge than before possible. 

The choice of current circuit ampere-turns is limited 
the low side by the required flux and necessary air gap; 
is limited on the high side by the same factors, also 


Improved compensations 


ating and volt-ampere burden. The number within 
is range found to be most suitable for all ratings was 
0. This number makes it possible to use an equal num- 
r of turns on each current pole on one iron structure for 

ratings, 2-wire and 3-wire. This insures most con- 
tent performance and simplifies manufacture and 
cking due to having only one iron structure, magnet 
ength, and adjustment mechanism with which to deal. 


\TINGS 


Figure 3 shows the complete assembled element. Form- 
und current coils are used and are readily placed on the 
rrent poles. Figure 4 shows the laminations and the 
d shunt and spacer which are securely attached to the 
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Fig. 13. Tem- 
perature calibra- 
tion curve for the 
new domestic 
watt-hour meter 
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A—Without temperature compensation at 0.5 lagging power 
factor 

B—With temperature compensation at 0.5 lagging power 
factor 

C—With temperature compensstion at unity power factor 
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Fig. 14. Typical aging curves for the magnet used 
in the new watt-hou meter 


current laminations and also serve to hold the current 
coils in place. Using this iron structure, 3 self-contained 
sizes are suggested: a long-range domestic meter, a long- 
range commercial meter, and a low-capacity meter. 

The domestic meter is proposed for modern home 
loads, including the latest advances in lighting, appliances, 
cooking, refrigeration, and air conditioning. At the same 
time, this meter should measure small loads such as clocks 
and night lights. A 2-wire 115-volt meter of this type 
will start at 4 watts and will measure accurately loads up 
to 6,000 watts. 

The commercial meter is intended to handle heavier 
loads. This meter will start at 16 watts and will measure 
loads accurately up to 150 amperes. 

The low-capacity meter is proposed for use where 
small loads are of primary importance and provision for 
higher loads is not required. 

It will be interesting to compare the performance of the 
domestic meter just described with existing meters rated 
5, 10, 15, and 25 aniperes, respectively. This is shown in 
figures 5 and 6 where meter accuracy is plotted as a function 
of load current. At heavy currents up to 60 amperes, 
the accuracy of the domestic meter is superior to that of 
any of the 3 lower ratings of the existing meter and about 
equal to that of the 25-ampere rating. At light loads, its 
accuracy is definitely superior to the 10-, 15-, and 25- 
ampere ratings. When the domestic meter is calibrated 
at 5 per cent nominal load, its performance is superior 
to the existing 5-ampere meter except from the standpoint 
of starting watts Even when calibrated at 10 per cent 
nominal load, the performance is comparable. 

Because of this long load range, the number of essential 
self-contained ratings required is reduced from 5 to 2. 
These 2 ratings, together with the proposed low-capacity 
meter, are shown in table II with the nominal and maximum 
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watt-hour constant, and the balanced 
current coil turns. The nominal rating corresponds to 
what has been known in the past as the full-load or name- 
plate rating. With improved heavy-load performance, 
the nominal rating represents only a calibration and 
reference point. The maximum rating is determined by 
accuracy and heating limitations so that it does have 
All 3 ratings have the same speed and 


current ratings, the 


real significance. 


A B 


Fig. 15. Types of the new watt-hour meter 


A—Type A bottom-connected meter 
B—Type S socket meter 


torque obtained by the use of 100 ampere-turns in the 
current circuit at nominal load. 

The domestic meter has a watt-hour constant of 1.5. 
This provides a good compromise between the 2 basic 
meter speed systems in general use today. Assuming 
all meters concerned to be 100 per cent accurate, a given 
even number of revolutions of this domestic meter corre- 
sponds to integral numbers of revolutions of all watt- 
hour meter standards now in production. Other possible 
constants do not have this desirable feature. 


THE LoAD CURVE 


The load shunt not only compensates for heavy load 
droop but also improves the performance at light loads. 
Figure 7 shows the light-load curve and the relative 
values of all the factors comprising it when no compensa- 
tion is used. These curves are plotted on a semiloga- 
rithmic scale in order to expand the extremely light load 
portions. As described previously the curve rises at 
light loads due to the effect of the iron. 

When the load shunt is applied, figure 8, the droop due 
to the iron is reduced because the shunt was designed so 
that its permeability decreases with decrease in load from 
the nominal rating. This reduces the light-load com- 
pensation necessary for correct calibration and the re- 
sulting load curve is accurate to lower values. 

At heavy loads, compensation for the droop is accom- 
plished as a result of the load shunt approaching satura- 
tion so that the current flux is more than proportional to 
load current. Figure 9 shows the compensated and un- 
compensated heavy-load curves at unity power factor. 
The use of balanced ampere-turns on the current poles and 
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Table I—Analysis Chart of a Watt-Hour Meter 
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Ria 
Quantity* Symbol Unit Value 
ri 
Nate ale eae) cufiwusione, sehen eancette sa eee ol ear ee volts 115 
Nominal current. aint Give, . amperes. 12.5 
Frequency. . METS. wat icee ite ey.Cles per scpand™s 60 j 
Watt-hour per evolations Beiy Oa ans 1.5 
Speed at nominal load............. w.. a ‘radians per isbeondk tity 1.672 
Disk, diameten:.25).1) ety 3 wine ede fe er oes inches... ¢caehee | ote 3.5 
Disko thickness so crccloneierarene oucrelsya) uber ep tetera LOCOS apres et tee enema Oo 
Disk thickness. . isibanghodaeCentimetersia. » batten tan 0.0 86 
Disk weight. . el fete nes grams. Sys 8 13.355 
Torque at nenvigal jonal Pe ei gram- Srrititaetere sae 52.5 
Torque-to-weight ratio. Biba 3.95 
She 
tin ota soso 1.6 i 
Potential coil turns. waIV08 wut x JSCULHS = ita. be obtener ee een 
Exciting current. eee LO sore sapere amperes. .J6% vaca seta 0. 
Potential coil resistance Pee Bae act Ob MS tecc ae eres 58 
Out-of-phase voltage. . Looe volts 5.5 
Potential watts eS) ve ates oqo Wg Leste WAttS sac. ere 1c oa een ie j 
Potential ampere-turns............ Nolo....- Boies 228 7 
Total potential Hux. 24> ese ene: " Panaxwellst isceiter aaa ate Perege 12,700 i 
Usefulipotentialifitixs. 11. secu ie ieee maxwells. . 2,490 
Current ampere=turns: 3.2. cco bye A elie lie ieee) eats eee eee 100 
Wsefulicurrentillttx-..1. eee or eee maxwells.aic os caurstes 495 
Current damping torque at nomi- 
nal load.. : ...7j......gram-millimeters.... 0.131 
Potential dantping orGuel at 
nominal load.. SRR Seliat . .gram-millimeters..... 1.17 
Driving constants eee hs OD De OU DOU COS 0 0.227 
Current damping constant......... Gpstiie! viccacace . Telomere aera aee 1.2 
Potential damping constant........ Geecann Haclone cep eee 0.45: 
Inherent droop at 400 per cent 
nominal load**...... agar a dtestehuaees percent e. -.)~ 541/17 3.5, 
Inherent voltage error ‘at "120 
per cent rated voltaget averaaennerorae Sn 40s os SPek CONES teres tees 0.98 
a 
GeflGa.. isos ee eee ee ee 2.00 
—— 
* Unless otherwise indicated values are given for nominal load. 
+ Goss® has shown friction to vary as (W)4/3. 
15 7;/T 
** R= —— 
etal 1 + 15.7;/T 
ae 2)3Te a Tie 
= 100 (Se 19T = 44, AT 
y 
Table II—Self-Contained Ratings i 
; 
Nominal Maximum Turns on Current Nominal 
Rating, Rating, K (115 Poles Ampere- 
Meter Amperes Amperes Volts) Right Left Total Turnel 
Commiercialljy tesa sen SOM hiram L50f.a0% GOR sar Lass Lo. Qxcain 100 
Domesticiy.pricsiones Loonie 603 Libs sais eet Perce Seu. 100 — 
Low capacity... 25... - Sle herr 20 ree OG Sear LO lO. sca 20) 38 100 — 
, 


the particular design of load shunt result in equivalent 
performance at low power factors. 


THE VOLTAGE CURVE 


The inherent voltage error at 120 per cent of rated 
voltage is shown in table I to be 0.98 per cent. As pre- 
viously described, this error can be compensated for ef- 
fectively by the use of the proper sections at B—B and 
A—A in the magnetic circuit (figure 4). The resulting 
voltage curve obtained is shown in figure 10. It was 
found possible to reduce the actual error to less than 0.2 
per cent for 40 per cent voltage range. 


LiGHT-LOAD AND LAG ADJUSTMENT 


The most straightforward and effective method of 
providing light-load and lag adjustment in this design 
was found to be modification of a mechanism already in 
general use, as shown in figures 11 and 12. The lag 
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late is supported in the proper position by a bracket 
nade of high-resistivity alloy. For light-load adjustment, 
his support is rotated by the light-load adjusting screw. 
1 spring mounted on this screw between the lag plate 
upport and the frame prevents backlash. The lag ad- 
ustment is accomplished by moving the lag plate radially 
vith respect to the disk. 


TEMPERATURE COMPENSATION 


Class II temperature compensation is accomplished by 
i novel method proposed by Faus.'° The lag plate is 
nade with a small core linking it, composed of a material 
laving a negative permeability-temperature character- 
stic similar to that used for magnet compensation. This 
ore imposes an impedance in the lag circuit which be- 
comes less effective with increases in temperature so that 
he lag plate becomes more effective. In this manner, 
he necessary increase in lagging is obtained to compensate 
or the shift in flux angles. Figure 13 shows the resulting 
emperature curves with both class I and class II com- 
yensation. Improvements in characteristics of the tem- 
erature-sensitive material has made possible more ef- 
ective compensation of class I errors. 


SONTROL MAGNET 


The control or damping magnet is of standard con- 
truction that has been used for many years. It is de- 
igned to give a high braking torque, making possible the 
low meter speed which is so desirable for improved ac- 
uracy and a long load range. Magnets of this form are 
inusually stable. Figure 14 shows typical aging curves 
n 2 groups of magnets over periods of 6 and 8 years, 
espectively. At no time does the strength vary more 
han 0.2 per cent from the initial value. 


jummMary 


It is shown that fundamental analysis of meter theory can be 
sed effectively in meter design and provides a basis of accurate 
omparison of inherent characteristics. 

Emphasis is laid on the importance of minimizing the inherent 
rors, thereby reducing the magnitude of the required compensa- 
ons. This results in improved accuracy and more consistent 
erformance. 

Slow meter speeds are desirable from the standpoint of higher 
scuracies and greater suitability for operation over a long load 
nge. 

The meter described with long range performance reduces the 
amber of ratings required. It also provides for growth of load 
ithout sacrificing light load accuracy. 

An improved temperature compensation is described which 
sures accurate registration under conditions of extreme tempera- 
ire variations. 

With improved performance, ‘‘full load”’ has lost its significance 
id should be replaced by a “nominal” and “‘maximum’’ rating. 
ominal rating aids in comparisons and in calibration, but a maxi- 
um rating, corresponding to both accuracy and thermal limits, is 
e real criterion of a meter’s capacity. 
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Synchronous Machines With Solid 
Cylindrical Rotor 


(Continued from page 58) 
By equation 22, assuming that e, also varies as e”’, we obtain the 
rotor-coil equation: 


€ 
RIL, Se +2bf Ai cos ax E,(x)dx = e, — 
0 


3 : ; 
Kp [feast eos ag+ 3 A,B,(DeY? + Dre | 


52 
a (qcosh ag + sinh ag) 52) 


where 


g a \? ]L 
Be alot (<) px = 2410-*Z1k 
wa B 


Similarly by equation 24, the voltage equation of stator coil a is 


1 
th = Op AVA ike cos ax, E5(m)dx, = Cet? 4+ CleSot 4 @, — 


K 


1 . 
payee, tA sped (ott) sy 
a (qcoshag + ah 9 T,A,B,i[(p + jw)e M4 (p 


joje Ferry] 4 <3, [D(p + jo)et! + D'(p — 
jw)e I") [cosh ag + q sinh ag] \ = 7, (Des! + D'eFt +4) (53) 


Equation 53 is seen to be composed of 3 components, constant 
terms, terms containing e7 as a factor, and terms containing e+ 
as afactor. By combining this equation with 2 similar equations for 
coils 6 and ¢ it may be separated into its 3 component equations. 
Thus from equations 49 and 53 are formed the 4 final equations 30 
given in the body of the paper. 
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A New Service Restorer 


By E. F. SIXTUS W.R. NODDER 
ASSOCIATE NONMEMBER 
Equipment capable of restoring service auto- 6. It should be multipole with alf 


has been an increasing de- 

mand on the part of operat- 
ing companies for equipment 
capable of automatically restor- 
ing service after interruptions 
due to momentary or self- 
clearing faults on transmis- 
sion and distribution systems. 
Where protective equipment 
of high interrupting capacity 
is involved, this demand has 
been met by the use of the 
conventional oil circuit breaker 
in conjunction with protective relays and an adjust- 
able timing relay to control the reclosing cycle. This 
equipment has been developed to such an extent that 
immediate reclosing breakers, capable of reclosing so 
quickly that in most cases service will be restored before 
synchronous motors can fall out of step, are now available 
for use on systems as high as 115,000 volts. 

Up to the present time little has been done to extend 
the line of automatic reclosing breakers to the lower 
capacities, due mainly to the fact that the cost of such 
equipment could not be justified in the low-revenue field 
where it would be applied. The 7,500-volt breaker with 
an interrupting capacity of 50,000 kva has so far set the 
lower limit at which the conventional reclosing equipment 
has been economically feasible for outdoor service. 

A study of outages on rural distribution systems has 
shown that from 75 to 90 per cent of the faults are momen- 
tary and self-clearing, but will blow a fuse and thereby 
cause a long power outage. It is evident, therefore, that a 
low-capacity automatic-reclosing breaker, if used in place 
of fuses, would result in a great improvement in service. 
Reclosing fuses have, of course, been available but they 
cannot be expected to give service equivalent to an en- 
closed high-speed reclosing breaker. 

To be completely successful a breaker to fill this low- 
capacity requirement must have certain very definite 
characteristics: 


E RECENT years there 


1. It must be low in cost—considerably lower than the conventional 
reclosing breakers now on the market. It must be simple to install, 
to keep the labor and cost of installation at a minimum. 


2. It must be simple to operate, so that it can be opened, closed or 
reset by an inexperienced person and thus save trained power 
company employees from making long trips to isolated installations. 


3. It must be suitable for outdoor service and for pole mounting. 


4. It must provide dependable overload and short circuit protection 
under all weather conditions with very little maintenance. 


5. It should provide at least 3 automatic reclosures with the first 
reclosure immediate if so desired. 


180 


matically after temporary interruptions on trans- 
mission and distribution systems has been de- 
veloped to a high degree of effectiveness; 
ever, most of such equipment is suitable only for 
systems of high capacity, and comparatively little 
attention has been given to systems of low and 
intermediate capacities. 
restorer, designed primarily for use on systems 
of low capacity, is described in this paper, and 
some data on its operating characteristics are 
presented. 
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poles opening simultaneously to 
prevent single phase operation of 
three phase equipment. 
how- 7. It should trip on extremely low 
currents, about 10 amperes mini 
mum, to provide dependable over- 
load protection for lightly loaded 
lines. 


An automatic service 
After giving careful consid: 
eration to the above require. 
ments it was decided that con- 
ventional designs must he 
discarded and it was on this 
basis that the type A P-1 auto- 
matic service restorer illustrated in figure 1 was developed. 
One of the first problems to be solved in the design of 
the device was that of securing power to provide 3 auto- 
matic reclosures. Two types of control were considered; 
one where the operating power is derived from a relatively 
inexhaustible source such as an auxiliary battery and 
charger unit, or the line voltage or current itself; and the 
other where the actuating power is derived from an ex- 
haustible source such as a spring. 
If an inexhaustible power supply were used it would be 
necessary for an attendant to visit the switch every time 
it locked open for the purpose of resetting the lockout 
mechanism. Assuming that 75 per cent of the shorts are 
self clearing, the device would lock out and require the 
service of an attendant after every 4 short circuits. 
With an exhaustible power supply, such as a spring 
that could be wound to provide sufficient energy for 4 
openings and 3 reclosures, the attendant would be re 
quired to reset the lockout mechanism after every lockout 
as above and in addition would be required to restore 
the energy in the spring after every 4 shorts which wer 
cleared, because the spring would be completely un 
wound. This would result, let us assume, in the attend 
ant making twice as many trips to a device with a spring 
type of power supply as to one with an inexhaustible poweg 
supply. It is possible, of course, that a carrier current 
control could be used in lieu of an attendant to reset the 
lockout mechanism, although such an arrangement does 
not seem economically advisable at present. . 
The inexhaustible power supply could be provided by: 


1. The use of a potential transformer placed in the tank of the de- 
vice and connected to a small motor arranged to rewind an operat- 
ing spring and keep it wound at all times. 


2. The use of some sort of capacitance device in place of the poten- 
tial transformer to supply energy to the rewinding motor. The out- 


A paper recommended for publication by the AIEE committee on protective 
devices. Manuscript submitted October 29, 1936; released for publication 
November 20, 1936. 

E. F. Sixtus is vice-president in charge of sales, Pacific Electric Mfg. Corpora- 
tion, San Francisco, Calif. W.R.Nopper is an engineer for the same company. 


ELECTRICAL ENGINEERING 


ut of such a device would necessarily be small but rewinding could 
e accomplished over a relatively long period of time, as the spring 
ould be designed to provide enough energy for 4 openings without 
-winding. 


The use of a falling weight heavy enough to provide energy for a 
irge number of operations, possibly 20 or 30. 


Using the short-circuit current, which causes the device to trip, 
9 store sufficient energy for the next closing and opening operation 


In the design of the type AP-1 the first 2 methods listed 
bove were discarded because they added materially to 
he cost of the device, and it was felt that the increased 
xpense would not be justified in the majority of installa- 


Fig. 1. Type AP-1 automatic service restorer, 
7,500/12,500 Y volts 
ig. 2. Funda- 
1ental diagram 


f the operating 
1echanism of the 
ype AP-1 auto- 
natic service re- 
forer 


CONTACT 
SPRING 


TRIP COIL 
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tions. The third alternative, that of using the falling 
weight was considered impractical and was not used 
because of the probable unfavorable reception such con- 
struction would receive from prospective users of the de- 
vice. The fourth idea, that of using the short-circuit 
current to provide energy for closing and reopening the 
circuit, was not considered favorable because of the high 
current required to trip a device of this kind; a low trip- 
ping current being one of the requisites of the design. 

In view of the disadvantages of the inexhaustible power 
supply as applied to this particular device, the AP-1 was 
designed to use, as an operating mechanism, a manually 
wound spring which when fully wound, would store 
enough energy to give 3 closing and 4 opening operations. 
A helical twist spring was selected because its unidirectional 
motion was most easily adapted to the reciprocating mo- 
tion of the switch blades. In actual construction one end 
of the spring is connected to a rewinding lever and the 
other, through a 4-to-1 reduction gear, to a crankshaft to 
which the blades are connected. See figure 2. The 
4-to-1 reduction gear is used so that a '/, turn on the re- 
winding lever will rewind the spring sufficiently for one 
reclosing cycle and a dial has been added to indicate 
to what extent the spring is wound. A stop is provided 
to hold the contacts in the open position upon completion 
of the last opening stroke. : 

The crankshaft is fitted with a latch plate engaging a 
latch to hold the breaker closed with the spring wound. 
This latch, which is actuated by a series trip coil in each 
pole, is released on overload permitting the contacts to 
open at high speed under the action of the helical spring. 
There being no latch to hold the switch open, it recloses 
and remains closed until the latch is again released by one 
of the trip coils, except in the case of the last opening 
when it locks in the open position. 

In order to provide a timing mechanism to control 
the reclosing interval a special dashpot was developed. 
Upon attempting to determine the re- 
closing interval to use it was found that 
prospective users required different re- 
closing cycles. Some required an im- 
mediate first reclosure and others 3 
reclosures at equal time intervals. In 
order to give the device as wide an ap- 
plication as possible the dashpot was 
designed so that it could be set to 
provide either 3 reclosures at an adjust- 
able time interval, or one immediate 
reclosure with 2 additional reclosures 
at an adjustable time interval. In each 
case the reclosing interval is adjustable 
from 1 to 10 seconds. 

The design of the are-rupturing cham- 
ber for such a low interrupting capacity 


Fig. 3. Cross-sectional view of expulsion 
contact chamber of the automatic service 
restorer 
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Fig. 4. Time- 


current curves of 


delayed trip at- 
tachment 


device presented 
no problem, as 
previous papers 
have demon- 
Stiat ech tine 
ability of the ex- 
pulsion chamber 
contact to easily 
interrupt cur- 
henieSe CDO;0n 
gleatereand 
smaller than 
those required 
in this instance. 
Lhe contact 
design used is 
shown in cross 
section in figure 
3. It consists essentially of a moving blade engaging with 
high-pressure full-floating stationary contacts and sepa- 
rating at high speed in an enclosed chamber provided with 
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baffles and vents to secure the most efficient arc extin- 
guishing action. 

The continuous current rating of the service restorer 
was set at 100 amperes in order to include the full cur- 
rent range normally covered by fuses. It was felt in- 
advisable to provide for larger currents because of the de- 
sire to keep the dimensions as small as possible and be- 
cause investigation indicated that a 100-ampere capacity 
would be ample for most applications. 

Consideration was, of course, given in the design to the 
need for co-ordinating the series trip coils with the blowing 
characteristics of fuses and the time current characteris- 
tics of oil circuit breaker relays. Trip coils for instan- 
taneous and inverse time delay action have been de- 
veloped. Instantaneous coils are provided with current 
adjustments so that they can be adjusted to operate at 
either 100, 150, or 200 per cent of the coilrating. Time- 
delay coils are provided with current and time adjustments, 
the characteristics of which are shown in figure 4. 

Extensive tests were performed on the service restorer 
to verify its assigned interrupting rating of 1,200 amperes 
at 12,500 volts. Typical results are shown in figure 5. 

Film A shows the performance during 2 interruptions 
of 1,780 amperes with 2,600 volts across the terminals. 
The total fault time in the first case is 7.0 cycles and in the 
second 7.4 cycles. 

(Concluded on page 152) 
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Impulse-Generator Voltage Charts for Selecting 


Circuit’ Constants 


By J. L. THOMASON 


ASSOCIATE AIEE 


articles!~® have indicated 

the need of an accurate 
method of comparing impulse 
voltage waves, and although it 
has already been recommended! 
that impulse voltage waves 
be designated by the ‘‘2 point”’ 
method, that is, 1.5x40, a con- 
siderable range for wave shape 
variation is possible even if it is specified that the wave is 
smooth. It seems desirable therefore in those cases 
where more accurate determination of wave shape is re- 
quired to specify the generator circuit constants and to 
compare the wave shapes on some definite basis such 
as on a basis of ratios between the different circuit con- 
stants as presented here. 

There are numerous impulse-generator circuits, each 
having its merits, which will produce desirable voltage 
test waves. However, to escape the use of a multiplicity 
of circuits it seems desirable to use one or 2 circuits. Then 
the small differences and oddities in waves produced by 
the different circuits can be eliminated, theoretically at 
least, in comparing test results. 


Prssicis“r published 


stants. 


Circuits Analyzed 


In this paper only 2 impulse-generator circuits are con- 
sidered, figures 1 and 2. Such circuits of the impulse 
generator are well enough known and are in such common 
use that they need only a brief explanation. Referring’ 
to figure 2, C, is the generator capacitance, L; is the total 
series inductance, R; is the total series resistance, Re is the 
shunt resistance, and C, is the total load capacitance. 
These constants are basic in the impulse generator circuit, 
and although in an actual generator they may be dis- 
tributed and have mutual effects on each other, for the 
purpose of this paper they alone are considered. This 
circuit of figure 2 is recommended as basic by the In- 
ternational Electrochemical Commission.® 

In the first circuit, figure 1, the inductance is considered 
negligible. 

In the second circuit, figure 2, the inductance is con- 
sidered and in the calculations is made of such value that 
neglecting R. as in figure 3 the series resistance R, will 
just damp out oscillations. That is, the critical resistance 
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It is suggested in this paper that impulse generator 
voltage waves for commercial testing may be com- Ie 
pared not only on the basis of wave shape but 
also on the basis of relations between circuit con- 
The charts and graphs included are 
intended to show how desirable this is, and they 
may be used to facilitate both front-of-wave and 
full-wave testing. 


Thomason—Impulse Generator Charts 


is R,? = 4L,/C, or transposing, 
= K°C/4; ‘where CG = 
(C1C2)/(Ci ar C2). By using 
this relation the oscillations 
are negligible (less than one 
per cent) at the crest. Thus 
using this relation between 
various circuit constants, the 
impulse generator applies to 
the test piece a voltage wave 
which has 3 desirable characteristics, considering that 
each is dependent upon the others: 


1. A practically smooth wave 
2. A minimum wave front 


3. A maximum crest voltage 


Relationship Between Circuit Constants 


In analyzing the circuits, the relationship of the con- 
stants is considered also from the point of practical im- 
portance. The available capacitance of the generator is 
frequently a limiting factor both theoretically and eco- 
nomically, and when oscillograms are taken the shunt 
resistance may frequently be the divider resistance only, 
so both C; and R, are limiting factors. In making the 


R\ ey RY | ip RY 
Ro Ro 
Cy Co Cy Ear | C, Ca) 


Figs. 1-3. Schematic diagrams of impulse generator 
circuits 


tests the relation of the load to the generator capacitance, 
C2/Ci, as well as the relation of the series resistance to 
the shunt resistance, R:/R2, must be considered if the 
proper voltage and wave shape are to be applied to the test 
piece. 


Calculated Charts 


With these relationships in mind the characteristics 
of the voltage test waves applied to a capacitance load 
were calculated for a wide range of circuit constants in the 
2 circuits and the characteristics were so expressed in the 
calculated charts, charts land II. In chart I the impulse 
generator circuit of figure 1 is considered in which the in- 
ductance is made equal to zero. At the top of the chart 
Ky shows the ratio between the load and generator ca- 
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ho De arena 0.721 0.731 0.741 0.759 0.814 0.896 1.06 1.51 » 2.24 3.66 
0.04 Greens 0.961 0.951 Paes OK93 9a 0.919 0.864 ... 0.789 0.672 . 0.473 -  O,aL8 0.193 
Ress . .0.00000 0.00413 ... 0.00738... OOL29 e226 0.0251 ... 0.0381. 0.0518 0.0612 0.0564 0.0445. 
(st Nive 0.9615 ‘ 0.9528 0.9441 ... 0.9272. 2. 0.8799 ... 0.8107 0.6999. 0.4950 0.3318. 0.1998. 
lb Sets 2h Oc 2624.05 . 1824.05 mee OV4I0GS) (ae 284. 1200) eel 5 4219 89.300 50.505 37.668 . 31.300 
liane 0.00000 0.00641 ... 0.0115 0.0204 ... 0.0419 ... 0.0695 0.113 Oe sa) . 0.258 0.335 
Der reas 0.762 0.776 ee 0.790 0.814 0.878 0.974 1.16 1.65 2.43 3.89 
v.10 One 0.909 0.896 ae 0.885 0.864... 0.810 ... 0.739 0.630 . 0.445 . 0.303 0.187 
: R.......0.00000 0.00826 ... 0.01461 OL0251 we 0.0477 ... 0.0714 0.0974 0.113 0.106 0.0861 
GDoateea 0.9091 é 0.9017 0.8943 0.8799 ... 0.8390 ... 0.7786 0.6790 0.4875 0.3296. 0.1992. 
(Deas itee oc .1109.10 ... 559.106 F284 0120) fee tO SIG] w nn G4ae2). 36.821 20.512 15.170 . 12.551 
Fey. 0.00000 0.0109 0.0195 0.0342 ... 0.0695 ... 0.115 0.182 0.308 0.430 0.566 
Drees. 0.832 0.850 0.866 0.896 0.974 1.09 1.30 1.87 2.69 4,21 
0.20 (GRO e Or 0.833 0.820 0.809 OSTEO) bss On7S9)) care SONG 0.574 0.410 0.284 0.178 
: TRE ans 0.00000 O.0L2S te... 0.0225 0.0381 ... 0.0714 ... 0.105 0.140 0.165 0.160 . 0.134 . 
(eet ackois 0.8333 0.8275 ... 0.8219 ... 0.8107 ... 0.7786 ... 0.7296 0.6459 0.4750 0.3258. 0.1984. 
Divtecisars oc 604.1725 ... 304.178 . 154.189 ... 64.2214 7... 34.270 19.354 10.525 7.6742 6.3016 
Biosci. 0.00000 0.0177 0.0313 .. 0.0547 ... 0.113 0.182 0.295 0.492 0.695 0.933 
i a ee. as 0.970 0.995 1.02 3 de 1.06 ake 1.30 hava h 2.22 3.15 4.79 
0.40 (Goraneos 0.714 0.702 an 0.692 0,672 ... 0.680 ... 0.574 0.499 0.361 0.254 0.163 
F URE dere oees 0.00000 0.01787 =... 0.0308 O205TSeo 0.0974 ... 0.140 0.172 0.222 0.221 0.195 
Oe cBicitnc a 0.7143 OG7LO6i ers, 0.7070 0.6999 ... 0.6790 ... 0.6459 0.5244 0.4505 0.3179 0.1966. 
Oe nee Ol son BIAS Bee wed) 89.3001 ... 36.8210 ... 19.354 10.725 5.5495 3.9321 3.1783. 
Hives .0.00000. . 0.0299 OR053ies. ORO925era. 0.187 0.308 0.492 0.860 1,25 1.72 
ID ers 1.39 a8 1.40 1.46 ek 1.51 ae 1.87 2.22 3.06 4.25 6.16 
1.00 (Ona crone 0.500 .. 0.496 ooh 0.484 (OR VS ee 0.445 0.410 0.361 0.275 0.204 0.137 
: Rist ee at 0.00000.. OOZ1S eer 0.0364 0.0612 ... 0.113 0.165 0.222 0.281 0.294 0.279 
(465 ..0.5000 .. OR4987 as. 0.4975 0.4950 ... 0.4875 ... 0.4750 0.4505 0.3820. 0.2929 0.1910. 
[Bie cata ae OCH 200501295 100), 502 50.5050 ... 20:5125 ... 10.525 5.5495 2.6180. 1.7071 1.3090. 
Y pieces 0.00000. . 0.0408 0.0724 -. F0L126 0.258 0.430 0.695 125 1.85 2.62 
Daten s 2.08 ae 2.13 PRs lrg ities 2.24 2. 2.69 3.15 4.25 yea i | 8.06 
2.00 Come ons O&S33' meen 0.328 Sane 0.325 5 0.3818" 25. 0.303 0.284 0.254 0.204 0.158 0.112 
y dS seis 0.00000.. OFO192 Fee 0.0334 0.0564 ... OF106" =." OF160.., 0.221 0.294 0.323) . 0.325 . 
Go saee os 0.3333 .. 0.388380 ... 0.3326 0.33818 ... 0.8296 ... 0.3258. 0.3179. 0.2929 0.2500. 0.1798. 
Os dene OC, 15081670 oe vay l674 37.6682 ... 15.1704 ... 7.6742 3.9321 1.7071 1.0000 0.6952 
Fisgtetayesers 0.00000. 0.0516 0.0921 ... 0.162 0.335 0.5666. 0.933 1.72 2.62 3.84 . 
DD sanawncst 3.46 A 3.53 3.58 Sante 3.66 3. 4.21 4.79 6.16 8.06 11.0 a 
4.00 Coates ae O 200" 5, 0.198 cache 0.196 0.193 OLS 7 ree OLS: 0.163 0.137 0.112 0.0849. 
‘ Uae 0.00000. 0.0146... 0.0258 0444540 er, 0.0861 ... 0.134 . 0.195 . 0.279 0.325 . 0.349 . 
Bortivictet 0.2000 . 071999 2s. 0.1998 0.1998 ... 0.1992 ... 0.1984. 0.1966. 0.1910 0.1798. 0.1524. 
(b SE tes OOF: 125.0501 32. ~=625502 31.3002 ... 12.5508 ... 6.3016. 3.1783. 1.3090. 0.6952 0.4101 
IB Ngo: 0.00000 0.0646 ORL pact 0.208 0.439 0.758 1.28 2.46 3.89 5,95). % 
ID ayer tine 7.62 7.70 singe iia avs 7.88 PEA) 8. boc  kdslit!) 9.29 Lies 13.6 j WEST / 
10.00 Caeiorsst ote 0.0909 0.0903 ... 0.0899 ... 0.0891... 0.0872 ... 0.0846 0.0807 0.0721 0.0629. 0.0517 
Rites a 0.00000 0.00840 ... 0.0150 0.0264 ... 0.0537 ... 0.0882 0.138 0.222 0.286 0.336 . 
Derek: 0.09091 0.09090 ... 0.09089... 0.09087... 0.09085... 0.0908. 0.0906. 0.0901 0.0891 0.0867. 
Bis dente oc 110.0091 ... 55.0091 27,009) .22 LLO09L ae (6.5092), 2.7594 1.1099 0.5608 0.2883. 


OC indicates an infinite value. 


pacitances. At the left of the chart K; shows the ratio be- 
tween the series and shunt resistances. 

For any particular values, for instance, K,; = 0.04 and 
K; = 0.20, line F gives the wave front divided by CiR». 
Thus F, or here 0.0342, times CiR: equals the wave front. 
Likewise D, or here 0.896, times C,R gives the duration 
of the wave. As before explained! the wave front is the 
time from zero to crest and the wave duration is the time 
from zero to half crest on the tail of the wave. 
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Line C expresses as a ratio the crest magnitude of the 
test wave in terms of the initial voltage charge on the 
generator. For the example given, C = 0.789 which 
means that the voltage on the test piece will be 78.9 per 
cent of the initial voltage on the impulse generator. 

Line R is the ratio between the wave front and dura- 
tion. For the example, R = 0.0381. For a 1.5x40 wave 
R = 0.0375. 

Lines a and 6 give the values of the 2 exponents of the 
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ee 


juation expressing the test wave. See appendix I. 
he values are expressed in terms of C,R2, that is, a = 
ed CiR: and b =n x CiRo. 

In chart II the inductance is considered and has the 
alue previously determined, Z; = R,?C/4. The symbols 
ave meanings similar to those in chart I and there is 
dded the term w which equals w X C,R:, as shown in 
ppendix II. In chart II there are 3 values of w, indi- 
ated by asterisks, which denote that the roots are real 
umbers and that these waves are perfectly smooth. 


urves and Illustrative Example 


From these 2 charts a set of curves is plotted in figure 4. 
n figures 4a, 4b, and 4c, LZ; = O and in figures 4A, 4B, 
nd 4C, L; = R,?C/4 where C = (CiC2)/(C, + C2). 

These curves show (1) that with widely different values 
f circuit constants the same wave front, wave shape, and 
rest can be obtained, and (2) that wave shape is to a con- 
iderable extent a function of ratios between circuit con- 
tants. 

Figure 5 shows the relation between L;, Ri, and C and is 
n aid in making tests and calculations. 

For purposes of mathematical interest numerous 
urves could be drawn to show the relation between a, 
, and w and the wave characteristics but these curves 
vill be omitted here for the sake of brevity. However, 
he data are presented in the charts for such use. 

As an example of how to use these charts and curves 
uppose a 1.5x40 wave is desired where C,; = 0.005 micro- 
arad and C, = 0.001 microfarad. In circuit I neglect the 
nductance and in circuit II consider that the inductance 
as a value determined from figure 5. Then constant by 
onstant, 


Constant Circuit I Circuit II Remarks 
Ke.. Oba Peet tes Quotes eisetewele aie K2 = C2/Ci 

LS ho St pao Ge OL04, eee, > OFOGN i. cie abr bes ols Figures 4b and 4B 
Brive siacet sis, 5):st 03 0035 .s pea eis. ON O34, s\<10s0uc 50 ou0f0 Figures 4a and 4A 
tO 38.6 eRe SiGOOW Siac atin sera (es Sacieeion cn Front = FCiR2 
Re ate. cr trenscnrts S40 Ge aceon et SSO ee baeosess Ki = Ri/R2 

| Slo SA OS Per aerate seeree ote Nae level elsters histo Figure 5 


The procedure is to first determine from figures 4b 
ind 4B the values of Ki. Then determine from figures 4a 
ind 4A the values of F. The values of Re and R, can 
hen be quickly calculated and the value of L; can be ob- 
ained from figure 5. In case the stipulated values of in- 
luctance cannot be obtained, the values of the circuit 
onstants will have to be estimated on a straight line 
yasis.? Thus in circuit II hereinbefore if LZ; = 40 micro- 
lenries, make R, = 8,700 and R,; = 460. 


‘ront-of-Wave Testing and Example 


Charts I and II and figure 4 show how easy it is even 
vith widely varying circuit constants to make front-of- 
vave tests approximating the same rate of voltage rise. 
The main stipulation is to have the waves for the different 
ircuits reach the same crest voltage at the same time. 
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For the smooth wave characteristics shown in figure 4, 
the first thing to do is to choose circuit constants giving 
the same wave fronts (same C\R; values in figures 4a and 
4A) and the second thing to do is to choose the proper 
charging voltages on the generators to give the same 
crest voltages on the test pieces. The refining stipulation 
would be to have in all circuits, if possible, equal values of 
Iy, Ki, and Ke. 

As an example, suppose figure 2 with series inductance 
was used to get a long wave for test purposes and that 
C, = 0.02 microfarad, C; = 0.001 microfarad, R; = 4,000, 
R. = 10,000, and the crest voltage = 1,500 kv. There- 
fore K; = 0.4, Ke = 0.05, and from figure 4A, F = 0.053. 
Suppose that only series resistance as in figure 1 was 
available for securing the same rate of voltage rise, given 
C, = 0.008 microfarad, and as before C. = 0.001 micro- 
farad. Since the wave fronts must be equal (FC,R2); = 
(FC,R2)2 = 10.6 microseconds, and Re = (0.053 X 0.02 X 
10,000)/(0.053 X 0.008) = 25,000. As Ke = 0.001/ 
0.008 = 0.125 and F = 0.053, K, must equal 0.12 from 


Chart II 

bees Ke = C2/C1 

waka Rs 0.00 0.01 0.10 1.00 10.00 
VU Serene 0.000000 0.000000 0.00000 0.00000 0.00000 
Die a Dea 0.693 0.700 0.762 1.39 7.62 
C2 Se 1.000 0.990 0.909 0.500 0.0909 

OF00s Ree ae 0.000 0.000 0.000 0.000 0.000 
tae aay ee ee 1.000 0.990 0.909 0.500 0.0909 
Bho eee oc oc oc oc oc 
WU siaiat sale isso lta: niraiteliel steal outs iiele (lie ioielin'sitetialte;"<iiste. atisite:/otisileiemel aileialiovehslicier airanaitemenahonanenetane 
Po aaet cae ee 0.000258 0.000589 0.00444 0.0213 0.0462 
DR Sn aaa 0.700 0.707 0.774 1.42 7.67 
Ge. ee 0.990 0.981 0.898 0.493 0.0905 

OX01 AOR rnc 0.000369 0.000832 0.00574 0.0150 0.00602 
gn ae aoe 0.990 0.989 0.902 0.499 0.0909 
i Aan aaa 40,399 20,249 2,204 400.2 220.0 
Tas acta: b taed 1,407 141 14.16 *1.414 
Re es eee 0.0130 0.00441 0.0318 0.157 0.324 
Dates ON777 0.774 0.861 1.62 8.01 
Cot teen 0.899 0.898 0.820 0.456 0.0886 

OnlOveRneeie ete 0.0167 0.00571 0.0369 0.0969 0.0404 
OL ee a Led 8. 0.911 0.902 0.840 0.487 0.0908 
eee. 55: 439 2070 225 40.2 21.5 
De rs ee 445 44.6 4.50 4.70 
| ages en ee 0.385 0.0213 0.170 0.882 2.21 
Dero eee 1.81 1.41 1.60 2.91 10.5 
CR rae 0.437 0.495 0.461 0.296 0.0763 

Neto nocataacone 0.213 0.0151 0.106 0.303 0.211 
Ae ee 0.536 0.499 0.490 0.387 0.0903 
AS ites as as AN 7.46 252 26.7 4.31 2.20 
ee ane ste a 133 13.5 1.46 0.0988 
PEt eat eee 4.80 0.143 0.965 4.26 11.9 
Dikyscanies, Maes 26.2 7.75 8.60 12.4 26.6 
Geeks coke 0.0691 0.0900 0.0856 0.0728 0.0394 

TOLOOMUR Gere ee 0.183 0.0184 0.112 0.344 0.447 
Gun tee 0.128 0.0911 0.0926 0.1016 0.0781 
Pie meaner ene 0.312 70.1 7.15 0.849 0.231 
ws cto ene *22.5 *1.91 0.257 0.0547 


* The asterisks indicate that the roots are real. 
OC indicates an infinite value. 


figure 4a and Ri = 3,000. The charged voltage on the 
second generator must be from figure 4c, 1,500/0.77 = 
1,950 kv. 

In constructing an impulse generator for wave-front 
testing, adjunct load capacitances as well as series re- 
sistances and inductances could be used for increasing the 
wave front. 

By using the data presented here the slope of the wave- 
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Fig. 4. Curves for wave shape as related to circuit constants 


186 Thomason—Impulse Generator Charts ELECTRICAL ENGINEERIN( 


ont could be calculated between points other than the 
ro and the crest points of the wave. Some laboratories 
ay wish to use the slope equal to the tangent at the mid- 
int (50 per cent crest) of the front, others may wish to 
se the slope determined by 2 points on the front such as 
le points at 10 and at 90 per cent of crest, and so on. 
fter the method of determining the slope had been agreed 


generator capacitors, the effect of stray capacitance, and 
the idiosyncrasies of the divider and oscillograph must be 
considered. In general most of these factors are pretty 
well under control as proved by the fact that cathode-ray 
oscillograms closely duplicate calculations. 

To show this verification, 2 oscillograms are shown in 
figures 6 and 7 and compared with the calculated charts 


il 
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Fig 5. 


Numbers on curves are capacitances in microfarads 


9on, the slopes could be determined from a set of calcu- 
ted fronts, then tabulated similarly to charts I and II 
id plotted similarly to figure 4 so that any desired time 
te of voltage rise could be easily applied to a test piece. 


ccuracy of Charts and Curves 


The charts were calculated on the calculating machine 
id on the slide rule with the intent that the third sig- 
ficant figure of the F, D, and C values would be ap- 
oximately correct. On the curves of figure 4 the second 
snificant figure should be approximately correct. 


scillograms Verifying Tables and Curves 


Up to this point the paper has been devoted to pre- 
nting the desirability of comparing and securing im- 
ise voltage test waves on the basis of ratios between cir- 
it constants. In practice, isolated, lumped circuit con- 
ants cannot be dealt with and the distribution of the 
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Relations between inductance, resistance, and capacitance 


b aeRicy4 


and curves. In figure 6 a 1.9x40 wave is shown. C, = 
0.00926 microfarad, C2 = 525 micromicrofarads, ZL; = 
110 microhenrys, R; = 1,250 ohms, Ry. = 4,250 ohms, the 
charged voltage on the generator = 1,300 kv, and the test- 
piece voltage = 932 kv. Therefore the similarity be- 
tween the test results and the charts results can be com- 
pared as follows: 


= 


Constant By Test By Chart 
TKS Beet iS 5 sist at eer ce ORSO cand Pain ieee eee ee 0.30 
dS a aI A USO Goines ateperaumiee trctc ver sana Bis id 0.057 
Mrowtsic one ces. lO): microseconds: «.accuemae 1.9 microseconds 
Duration j.5.6 sane 40) microsecondsuenp rer aa heres 39 microseconds 
Crest:x. metas rae anes V2eperi Cent wenmet nw euckictick 71 per cent 

Seater Che aeaay ees yenerage ee OOS fers conustemece ae aati cack crraen OR OLS: 
Dalicne ose AOR Oe LOimicrohetinysreen ona cise 110 microhenrys 


In figure 7 a 1.4x44 waveisshown. C,; = 0.00476 micro- 
farad, Co = 0.00035 microfarad, Z; = 160 microhenry, 
R, = 1,375 ohms, R. = 10,700 ohms, the charged voltage 


187 


on the generator = 550 kv, and the test-piece voltage = 


446 kv. Then 
Constant By Test By Chart 
Rain dt anon ete. OM28 FE LARS alane a tesntetes 0.128 
J 3 Penton CRT EROHTO See QuO Sse at acai ake eoreretee sarees 0.073 
Front. sons wwe it A microseconds vanaf 1.5 microseconds 
Durations ccncoens hse 44111 ChOSECONGS, raviieetiereteein tenes 44 microseconds 
Crest ccs cietcekins (61 POFiCents cook «cattle ctetetinr 80 per cent 
Re ean in cetiuet areca OOS 2A rece ke tore sneunarcnem ern 0.034 
DA Aeterna iacrarnan, as 160 microhenry9. 2,400 avrenoer< 154 microhenrys 


The values from these 2 oscillograms check closely the 
values from the charts and curves even though the charts 
were calculated for wide ranges of values. 

Thus these charts can be used with a capacitance meter 
to determine the constant of the impulse generator circuit 
for any desired wave shape. These are also conveniently 
used to supplement the electric transient analyzer® in the 
solution of problems involving impulse generator tran- 
sients. 


Conclusions 


In conclusion the following observations can be pointed 
out: 


1. With widely different values of circuit constants the same wave 
front, wave shape, and crest can be obtained. 


2. Wave shapes depend upon the ratios between circuit constants 
and may frequently be compared to advantage on this basis. 


3. A comparison with oscillograms shows that the charts in this 


i on Oe oe oe ee ee 
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Fig. 7. Oscillogram for 1.4x44 microsecond wave 


188 


Thomason—Impulse Generator Charts 


; 
paper are accurate enough for practical work and the examples shoy 
how easily the charts can be used for selecting circuit constants. 


Appendix | 


Referring to figure 1, the equation’? for voltage across the capaci. 
tance load is 


1 ees ; 
eee C2R, : 


This may be rewritten : 


Ew a 1 ae = =| 
Ex b6-al Kiks t 


Ea 


where 7 
K, = Ri/Rz 
Kem CYC, 4 
a= mk. . 
b = nQR2 ; 
t 


= TGR: 
: 
: 


Appendix II 


Referring to figure 2, the equation’ for voltage across the capaci- 
tance load is : 


Ew 1 e rae cos wt + B = © sin ath 

C 

Ea = CLL; (a oa g)? + w? 

This may be rewritten 
SET = bT reat, 

Eno cA —e cos wl + sin wT 

Ea a (Ki K2)? (a — 5)? + w? 

where 

I, = R2C/4 

C = (GCr)/(CGi + C) 

Ky = R,/Re 

Ke = G./Q 

a = aC,Re 

b = BCR. 

Ww = wR 

t — TCR, 
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Inductive Co-ordination 


(Continued from page 26) 

one pairs, and the importance, therefore, of suitable telephone- 
cuit transpositions. 

Figure 5 shows exposure conditions such as may be encountered 
a small community serving a nearby rural area and table IX 
ows the noise conditions at several locations during heavy power 
ds. 

The extent to which various measures of co-ordination could be 
plied to reduce the noise induction or to restrict the extent of 
ecial arrangements is shown in table X. 

It is evident from table X that, for the conditions assumed, the 
¢ of reasonably co-ordinated telephone-circuit transpositions will 
necessary to care for the stations served by open wire. Ordinarily 
e use of such transpositions in combination with such other 
sasures as are reasonably effective would serve to take care of the 
ittions served by telephone cable and would limit the extent to 
lich special telephone-station apparatus might be needed for the 
tions served by the longer open-wire extensions. 
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STUDIES OF LIGHTNING PROTECTION ON 4,000-VoL_T Crrcuirs—III, D. W. 
per. AIEE TRANSACTIONS, volume 51, 1932, page 252. 


LIGHTNING PROTECTION FOR DISTRIBUTION TRANSFORMERS, T. H. Haines 
iC. A. Corney. AIEE Transactions, volume 51, 1932, page 259. 


DISTRIBUTION SYSTEM LIGHTNING STUDIES BY PHILADELPHIA ELECTRIC 
MPANY, H. A. Dambly, H. N. Ekvall and H. S. Phelps. AIEE Trans- 
rIONS, volume 51, 1932, page 265. 


ENGINEERING Reports 6, 9, 13, and 15, Volumes I and II of Engineering 
ports of Joint Subcommittee on Development and Research of National Elec- 
> Light Association and Bell Telephone System. 


ComMon-NEUTRAL PRACTICE CONFIRMED IN CALIFORNIA. Electrical 
wld, June 4, 1932, page 980. (See also Electrical West, May 15, 1932.) 


Provisional Report No. 18 of Joint Subcommittee on Development and 
search of Edison Electric Institute and Bell Telephone System. 


MEASUREMENT OF TELEPHONE NOISE AND POWER WAVE SHAPE, J. M. 
rstow, P. W. Blye and H. E. Kent. AIEE Transactions, volume 54, 1935, 
ze 1307. 


Reports of Joint General Committee of National Electric Light Association 
i Bell Telephone System on Physical Relations Between Electrical Supply 
i Signal Systems, edition of December 9, 1932. 


ightning Investigation on Transmission Lines 


(Continued from page 106) 

the tower legs and counterpoise wires on the Glenlyn- 
panoke line for 11 cases in which a comparison could be 
tained. It was assumed that the total counterpoise 
rrent was twice the current measured in one long and 
e short wire. This comparison shows the summation 
the tower currents to be 0.95 of the summation of the 
unterpoise currents. 

It is quite important in considering the comparison be- 
reen leg currents and counterpoise currents to bear in 
ind that some leg current may pass directly to earth 
rough the tower footings without passing through the 
unterpoise wires. Also the counterpoise wires may oc- 
sionally carry some current which passes through cross 
embers of the tower structure and is not included in the 
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leg measurements. In all cases polarity indicated the 
current to be traveling from the free end of the counter- 
poise to the tower and from the bottom of the tower to the 
top. 


References 


1. LicHTrninc INVESTIGATION ON TRANSMISSION LINES—V, W. W. Lewis 
and C. M. Foust. ELrecrricaL ENGINEERING (AIEE TRANSACTIONS), volume 
54, September 1935, pages 934-42. 


2. Drrecr MEASUREMENT OF SURGE CURRENTS, C. M. Foust and J. T. Hen- 
derson. ELrcrricaL ENGINEERING (AIEE Transactions), volume 54, April 
1935, pages 373-8. 


3. LIGHTNING INVESTIGATION ON TRANSMISSION LinES—IV, W. W. Lewis 
and C. M. Foust. EvecrricaL ENGINEERING (AIEE TRANSACTIONS), volume 
53, August 1934, pages 1180-6. 


4. LIGHTNING INVESTIGATION ON 220-Kv Lines—II, Edgar Bell. 
ENGINEERING, volume 55, December 1936, pages 1306-13. 


ELECTRICAL 


5. Edison Electric Institute Bulletin, August 1936, pages 351-2. 


6. LIGHTNING PERFORMANCE ON 132-Kv Lings, P. Sporn and I. W. Gross 
ELECTRICAL ENGINEERING, volume 53, August 1934, pages 1195-1200. 


7. LIGHTNING INVESTIGATION ON TRANSMISSION LINES, W. W. Lewis and 
C. M. Foust. ELrcrricaL ENGINEERING, volume 49, July 1930, pages 917-28. 


A Review of Overhead Secondary Distribution 


(Continued from page 122) 

panies A and C. Replacements are favored by companies 
B, D, and E but frequently involve re-using transformers 
in new locations. Only one of the companies anticipates 
a general replacement of secondary conductors. This 
company has assumed a 15-year life for triple-braided 
weatherproof conductors, which apparently has influenced 
their choice of the replacement method. 

Experience records indicate that conductors remaining 
in service in the same location have been used to a large 
extent for more than 15 years. While it is true that in 
case of replacement, it would generally become neces- 
sary to-scrap such conductors, this should be avoided, if 
possible, as wires would continue to be serviceable for a 
good many more years if left in place in the same location. 
Some real savings are possible therefore by selecting the 
most economical wire size for the first installation and 
adding or respacing transformers. 

Replacement costs of transformers should also be 
studied carefully whenever additional capacity is re- 
quired. Since overloaded operation is considered per- 
missible this should be given first consideration where 
voltage regulation permits. Additional transformers and 
subdividing secondaries with possibly some relocations 
should come next, and finally replacements. A table of 
annual costs for various per cent loadings of transformers 
and the net cost of replacements will prove very helpful 
in selecting the most economical method. Table III 
contains such typicalinformation. While this information 
will vary somewhat for various companies, due possibly 
to a difference in operating or accounting practices, 
the table is shown here as a typical means of finding the 
best solutions. 

Table IV shows a comparison of accumulated annual 
costs and indicates the economy of using transformers as 
long as possible in the same location. In order to benefit 
fully through long use of transformers, it is necessary to 
provide new poles, or poles in good condition, for new 
transformer installations. 
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Newe 


Of Lastitute “a1 | Related Activities 


AIEE Winter Convention Program 


Provides Atttractive Features 


Peer developments in many 
specialties and attractive social functions 
comprise the program for the Institute’s 
1937 winter convention, which will be held 
in New York, N. Y., January 25-29. 
Headquarters will be in the Engineering 
Societies Building, 33 West 39th Street, 
and registration will begin at 10:00 a.m. 
on Monday. Thereafter technical sessions, 
conferences, and committee meetings, to- 
gether with the social functions, the smoker, 
Edison medal presentation, dinner-dance, 
and inspection trips in the city and vicinity 
provide ample opportunity for a busy and 
profitable week. In addition, for those 
who would enjoy a few days vacation in a 
mild climate during midwinter a Bermuda 
cruise has been arranged as a post-conven- 
tion trip. The women’s entertainment com- 
mittee, under the chairmanship of Mrs. 
George Sutherland, also is arranging a most 
attractive program for the visiting women. 
A summarized schedule of events is given 
in an accompanying tabulation. 


EpIson MEDAL PRESENTATION 


The AIEE 1936 Edison Medal will be 
presented to Doctor Alex Dow at a special 
session of the convention to be held in the 
engineering auditorium Wednesday even- 
ing, January 27, at 8:15 p.m. Doctor Dow 
was awarded the medal “for outstanding 
leadership in the development of the central 
station industry and its service to the pub- 
lic.’ A biographical sketch of Doctor 
Dow is given on page 197 of this issue. 


TECHNICAL PROGRAM 


The technical program is comprised of 
13 technical sessions at which a wide variety 
of timely technical papers will be presented 
and discussed. The tentative technical 
program announced in ELECTRICAL ENGI- 
NEERING for December 1936, pages 1388-9, 
is complete with the changes which have 
been made in the following sessions. These 
sessions, as revised, are repeated for con- 
venience. 


Selected Subjects 


ELECTRONIC TRANSIENT VISUALIZERS, H. J. Reich, 
University of Illinois. 
December issue, pages 1314-18 


Srupies oF STABILITY OF CABLE INSULATION, 
Herman Halperin and C. E. Betzer, Commonwealth 
Edison Company. October issue, pages 1074-82 


PROPOSED TRANSFORMER STANDARDS, J. E. Clem, 


General Electric Company. 
January issue, pages 32-6 
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A New ELEcTROSTATIC PRECIPITATOR, G. W. 
Penney, Westinghouse Electric & Manufacturing 
Company. January issue, pages 159-63 


Induction Machinery 


InpucTION Moror RESISTANCE RING WIDTH, 
P. H. Trickey, Diehl Manufacturing Company. 
February 1936 issue, pages 144-50 


INDUCTION Motors UNDER UNBALANCED CONDI- 
tions, E. O. Lunn, Peterson and Cowan Elevator 
Company, Ltd. April 1936 issue, pages 387-93 


INDUCTION Motors ON UNBALANCED VOLTAGES, 
H. R. Reed and R. J. W. Koopman, Michigan 
College of Mining and Technology. 

November issue, pages 1206-13 


CapaciToR Motrors witH WINDINGS Not IN 
QUADRATURE, A. F. Puchstein and T. C. Lloyd, 
Robbins & Myers, Inc, 

November issue, pages 1235-9 


An ANALYSIS OF THE SHADED POLE Moror, P. H. 
Trickey, Diehl Manufacturing Company. 
September issue, pages 1007-14 


Synchronous Machinery 


NEGATIVE-SEQUENCE REACTANCE OF SYNCHRONOUS 
Macuines, W. A. Thomas, Antioch College. 
December issue, pages 1378-84 


CONTRIBUTIONS TO SYNCHRONOUS-MACHINE THE- 
ory, A. S. Langsdorf, Washington University. 
January issue, pages 41-8 


OPERATIONAL SOLUTION OF A-C Macuings, A. R. 
Miller and W. S. Weil, Lehigh University. 
November issue, pages 1191-1200 


Two-REACTION THEORY OF SYNCHRONOUS Ma- 
CHINES, S. B. Crary, General Electric Company. 
January issue, pages 27-31 


SYNCHRONOUS MACHINE WITH SOLID CYLINDRICAL 
Rotor, C. Concordia and H. Poritsky, General 
Electric Company. January issue, pages 49-58 


Electrical Machinery 


SELF-REGULATED COMPOUND RECTIFIERS, W. M. 
Goodhue and R. B. Power, Harvard University. 
November issue, pages 1200-06 


ABRASION—A FacToR IN ELECTRICAL BRUSH 
Wear, V. P. Hessler, Iowa State College. 
January issue, pages 8-12 


Arc CHARACTERISTICS APPLYING TO FLASHING ON 
CommutatTors, R. E. Hellmund, Westinghouse 
Electric & Manufacturing Company. 

January issue, pages 107-13 


Table I—Issues of ‘Electrical Engineering’’ 
Containing 1937 Winter Convention Papers 


PepriuaryeelOsGcemes «eu ernet ne 1 paper 
April OSG aan fas Sora: edvev cis ereneucke 1 paper 
August LOS GO etre racers ysl ek «Giles siselerene 4 papers 
Septeimbersl 9SGitiir ie. vincent 5 papers 
October T elLOSGr ke ass eerste Merete 3 papers 
Novemiber 19860 sic cic 0 ster arene ore 6 papers 
December. L986. «0's. «. custenecccocetateere 10 papers 
January LOST. strc > 5 oie crete cents 25 papers 


FRebruarysl83 (ict ens scam atote eyo paDer 


Contact Drop AND WEAR oF SLIDING ConrTacrs, 
R. M. Baker and G. W. Hewitt, Westinghouse 
Electric & Manufacturing Company. 

January issue, pages 123-8 


In addition to the technical conferences 
which were announced, an informal tech- 
nical conference on the subject of noise wi 
be held on Wednesday afternoon. f 


SMOKER 


Winter convention smokers for the last 
few years have been increasing so in popu- 
larity that it has become a difficult problem 
for the committee to meet satisfactorily the 
ticket demand. This year they believe 


Summarized Schedule 
of Principal Events 


Monday, January 25 


10:00 a.m. 
2:00 p.m. 
2:30 p.m. 


Registration 


Opening of convention 


Parallel technical sessions: 
—Communication 
—Selected subjects 


Tuesday, January 26 


10:00 a.m. Parallel technical sessions: 
—Power transmission 


—Tensor analysis 
Address 


2:00 p.m. 


2:45 p.m. Parallel technical sessions: 
—Power distribution 


—Tensor analysis (continued) 


6:30 p.m. Smoker at the Commodore 


Hotel 


Wednesday, January 27 


10:00 a.m. Parallel technical sessions: 
—Induction machinery 


—Protective devices 


Parallel technical sessions: 
—Synchronous machinery 
—Electronics 


2:00 p.m. 


8:15 p.m. Edison Medal presentation 


Thursday, January 28 
10:00 a.m. Parallel technical sessions: 
—Electrical machinery 
—Electrophysics 


2:00 p.m. Parallel technical sessions: 

—Instruments and measure- 
ments 

—Electric welding demonstra- 


tions 


7:00 p.m. Annual dinner-dance 


Friday, January 29 


All day Inspection trips 


Saturday, January 30 

3:00 p.m. ‘‘Monarch of Bermuda”’ sails 

on post-convention cruise to 
Bermuda 


ELECTRICAL ENGINEERIN( 


at problem is solved, as the Grand Ball- 
om and West Ballroom at the Hotel 
ymmodore have been engaged. The seat- 
x will be at tables of 10 with ample space 
move around; an excellent supper served 
r the experienced Commodore staff and a 
tisfactory view for all of a full-sized stage 
ll insure everyone’s having a pleasant 
ening. The entire West Ballroom will be 
ailable as a lounge with service bar. 
10se planning to attend are urged to send 
their reservations to the ATEE Smoker 
ymmittee, 383 West 39th Street, New 
ork, N. Y., at an early date. All tables 
Il be reserved. Tickets will be $3.50 per 
rson. 


INNER- DANCE 


Continuing a social activity that has 
oved very popular in the past, a dinner- 
ince has been scheduled for Thursday 
ening, January 28, at the Hotel Astor, 
roadway between 44th and 45th Streets. 
combination dinner, dance, and buffet 
pper again will be featured. The flexi- 
lity of this arrangement will provide a 
ry pleasant evening, which may be en- 
yed by all according to their tastes, in 
ie of New York’s most popular hotels. 
The Astor has been entirely redecorated 
id refurnished, making the surroundings 
ore luxurious than ever. The Grand 
ullroom and adjacent facilities will be 
served for the Jnstitute’s members and 
iests. Music will be furnished by George 
Iner’s Orchestra. 
The program of the evening will be: 


TS Se ee a ates ie ook cine Dinner 
Madey). tit. CO) Zi O ONAL. -00s dass ele cia cocci Dancing 
Panight. to 2200) .asms ovo o «0j0'ste ows Buffet supper 


The rates for tickets will be the same as 
st year: 


BEMOLONGLCANCE. sitvs' « ie fayelsie-e si aiere $5.00 per person 
ance and buffet supper......... 3.00 per person 
nner, dance, and buffet supper.. 6.50 per person 


The dinner-dance committee requests 
rly purchase of tickets. Dinner reserva- 
yn requests should indicate names of 
iests and the desired seating arrangement. 
ubles will be set up for 8 or 10 places, and 
ery effort will be made to comply with the 
quests of members. Reservation requests 
ould be sent to the AIEE Dinner-Dance 
ymmittee, 33 West 39th Street, New York 
ty, N. Y., and checks should be made 
yable to H. H. Henline, national secre- 


ry. 


Post-Convention Cruise 


to Bermuda Offered 


Pi ericcnveancn cruise to Bermuda will be offered to Institute members and their friends 


attending the AIEE 1937 winter convention. 


The party will sail on the ‘‘Monarch of 


Bermuda,” which is shown above in the Hamilton Harbor, Bermuda, a thoroughly modern 
vessel in every respect. Those taking this cruise will have an opportunity to visit the engine 
room and the bridge of this quadruple-electric-turbine vessel, and to see the electrical 


equipment in action at sea. 


INSPECTION TRIPS 


A variety of interesting places has been 
included in the inspection trips arranged 
for the convention this year. An attempt 
has been made to arrange some trips during 
the week as complementary to the technical 
sessions. As in previous years, Friday has 
been set aside exclusively for inspection 
trips. The tentative schedule of inspection 
trips, which is subject to change, follows: 


Monday, January 25 


Sponsored broadcast, RCA Studios 
Edison Wonder House 


Tuesday, January 26 


Public Service Electric and Gas Company—mer- 
cury turbine 

S. H. Kress and Company—lighting and air con- 
ditioning 

RCA Radiotron Company 

The M. W. Kellogg Company—welding 


Table II—A Few of the Hotels Available 


Rooms With Private Bath 


tel Location Single Double 
RNa Pte corey au elrog o Xojiniccho. co ra) Gopanerrel Broad Way atid A4t By Stic avec apse cites ecoisse aon $3.00— 6.00...... $4.50-— 7.50 
PINOLE Woes anette) die: devtssshetsjnists Madison Ave: and 43d St.J.....9..5.5..'.: 5.00-10.00...... 7.00-12.00 
PEO Pe ere cs lela ahs eye PIOVW it Rehe Steers on aint acuta. oh cme 2.50-— 4.00...... 3.00— 6.00 
BATROGOLE Lae rs lela cise sic eae Lexington Ave. and 42d St............... 3.00— 5.00...... 4.50- 8.00 
POO tiho/aoks ate chegers es cueiteters 3 228-248 \WAATELISE aoc ole atvets sole <p viegaeras I 2150— 51003 2... 4.00- 8.00 
Wwernor Clinton... ..5..2..6%: CHIT Te Ghetel Vd Nh alg gin aba aoano moka 3.00—*5.00...... 4,00— 7.00 
BRL Oe Pace tel so tiierss od oratories. = Broadway, aud S4tt' St... iaac Grea ee 2.50—17.00... 55 4.00-— 9.00 
BEDCL AIC Eee, coe ev, ile iailel wish as a6 6h Lexington Ave. and 49th St..........6..% 3.00, TE Fentias3 4.00— 4.50 
Per ay) EUG he, vue ming velens, ioe ete Parke Avemanude4Ocmiol, sacs. aie evel ser sit OU OOO aie «.. « 3.50— 6.00 
PV IOL COLA. alot ote inle feuthecamte:s SHEA VeWanaesSeMnt tects ats hee tyr. wince ie wens 3.50= 8.00 hen. 5s 5.00-—10.00 
HR WAR EY Gatgemop aoe OocnD CEDVAV EAN COS teety ls sols erode cla sieteiay er 3:50—'6:00...... 5.00— 9.00 
PARR TTa ee teheR orale aia sstshe's 6iea%s EittheAwenand SOU Sl. steasceiaems sar OSOOI 1s sisielere 8.00 
SRO. OS Ao TOAODD OSC ORNS Madison Ave. and 45th St............... 4.00— 8.00...... 6.00—12.00 
BHerbilbseecine ae ccm se ote ne ALK AVG! Att OFEMIOE s 7. clk cutee Orole she leven 3200 =o: 00mm ces 6.00— 8.00 
McLOLt-AStOLia, «sis leis eles 2 or RarkvAver and 50th St jcswociue oc sls oe ares 6.00— 8.00...... 9.00—-11.00 
ee advertising section for further details. 
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Wednesday, January 27 


Weston Electrical Instrument Corporation— 
cable testing equipment 
Columbia Presbyterian Medical 
X-ray generator 


Center—Sloan 


Thursday, January 28 


Associated Press 

Third Avenue Railway Company—grid-controlled 
rectifier 

Board of Transportation, New York City—power- 
control board 


Friday, January 29 


Brooklyn Navy Yard 

New York Stock Exchange 

“Monarch of Bermuda’”’ 

Hastings-on-Hudson Mill, 
Cable Company 

Warner Brothers moving picture studio 

National Broadcasting Company studios 


Anaconda Wire and 


Arrangements have been made to secure 
a very limited number of tickets to the 
General Electric Company ‘‘Hour of 
Charm” radio broadcast featuring Phil 
Spitalny and his all-girl orchestra. This 
program is given in the National Broad- 
casting Company studios on Monday after- 
noon. It is hoped that interested out-of- 
town members will indicate their desire for 
tickets when they register. 

The Columbia Presbyterian Medical 
Center will exhibit the 1,000,000 volt high- 
frequency X-ray generator placed in opera- 
tion this year. This generator was seen 
under construction by many members 
during the convention last year. 

Interesting trips to plants of manufac- 
turers of thermionic tubes, electrical instru- 
ments, welding equipment, and wire and 
cable have been arranged. A sightseeing 
tour of New York will be arranged for 
interested members if weather conditions 
are favorable. 
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In addition to scheduled inspection trips, 
the committee will be pleased to arrange 
special trips for individuals and small 
groups. A list of possible items of interest 
will be available at the committee desk 
during the convention. 


BERMUDA CRUISE OFFERED 


For the first time, a post-convention 
cruise, to Bermuda, will be offered to 
Institute members and their friends. The 
party will leave New York on January 30, 
by the ‘Monarch of Bermuda’—a mag- 
nificent hotel on water with the appoint- 
ments of an exclusive club. The cruise will 
include 3 days at the Hotel Bermudiana, 
Hamilton, which will give an opportunity 
to visit the near-by cavesand submarine 
coral gardens, and to drive, rest, or golf on 
some of Bermuda’s fine courses. Return- 
ing, the party will reach New York on the 
morning of February 5. The inclusive 
prices for the entire trip begin at $86.25. 
This includes all necessary expenses of the 
trip except the Bermuda tax of 12 shillings, 
6 pence (about $3.25) which is payable in 
Bermuda. Reduced rates for rooms on 
shipboard are offered, as well as special 
rates at the Hotel Bermudiana, and stop- 
over privileges for as long as desired. 
Members wishing to take this cruise are 
urged to make their reservations at once 
to avoid possible disappointment. Reser- 
vations may be cancelled later, if necessary. 
Detailed information may be obtained from 
Leon V. Arnold, 36 Washington Square, 
West, New York, N. Y. 


WOMEN’S ENTERTAINMENT 


The women attending the convention 
this year are assured of plenty to occupy 
their time. The women’s entertainment 
committee, under the chairmanship of 
Mrs. George Sutherland, is rapidly com- 
pleting the details of a most attractive 
program. Monday, January 25, 1937, the 
first day of the Convention, will be devoted 
to registration at the women’s headquarters 
on the 10th floor. On Tuesday several 
novel and interesting tours are scheduled 
with attendance at a radiobroadcast for 
the evening. On Wednesday there will be 
luncheon and bridge at the Engineering 
Woman’s Club, and the Edison Medal pres- 
entation and lecture in the evening. 
Thursday will be devoted to a visit to the 
Edison Wonder House with the Dinner- 
Dance at the Hotel Astor for the evening. 
On Friday a visit is arranged to the Morgan 
Library. This necessarily will be for a 
limited group. If demand warrants, a visit 
to the Hayden Planetarium also will be 
provided. 


HOTEL RATES 


Reservations for hotel accommodations 
should be made by writing directly to the 
hotel of your preference. In table II is 
included a brief list of some of the leading 
hotels in the vicinity. 


REGISTER IN ADVANCE 


Members in near-by Districts should fill 
in and post promptly the mail registration 
card which was included with the mailed 
announcement of the winter convention 
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sent them. This will permit the committee 
to have badges ready and prevent conges- 
tion at the registration desk upon arrival. 
There will be a registration fee of $2 for 
non-members with the exception of Enrolled 
Students of the Institute, and the immediate 
families of members. 

The personnel of the 1937 winter conven- 
tion committee is as follows: C. R. Beards- 
ley, chairman; H. E. Farrer, secretary; 
T. F. Barton, O. B. Blackwell, E. E. Dort- 
ing, A. G. Oehler, C. S. Purnell, S. A. Smith, 
Jr., George Sutherland, and F. P. West. 
The chairmen of the subcommittees com- 
pleting the arrangements are: C. M. Gilt, 
dinner-dance; EE. S. Banghart, smoker; 
E. R. Thomas, inspection trips; and Mrs. 
George Sutherland, women’s entertainment. 


Student Conference Held 
by Middle Eastern District 


The annual conference of Branch counse- 
lors and chairmen of the Institute’s Middle 
Eastern District (2) was held at Ohio State 
University, Columbus, Friday and Satur- 
day, November 13-14, 1936. The official 
attendance at the conference consisted of 
the 34 delegates listed in table I. The 
meeting was attended also by National 
Secretary H. H. Henline and W. H. Harri- 
son, vice-president of the Institute repre- 
senting the Middle Eastern District. The 
student attendance at the evening meeting 
Friday night was 75, and at the final joint 
meeting on Saturday, 64. 

Following registration, which was held 
from 5 to 7 p.m. Friday, the evening meet- 
ing opened with a dinner. After dinner, 
Professor F. C. Caldwell gave the address 
of welcome, following which there were 
several talks. Professors H. W. Bibber 
and W. L. Everett, of Ohio State, outlined 
in detail the course in electrical engineering 
as itis taught at that institution. Professor 


Membership— 


Mr. Institute Member: 


you start the job he will finish it. 


News 


{ 


E. O. Lange spoke on Branch activities, and 
recommended that all Branches consider 
seriously the installation of new officers at 
a much earlier date in the spring. Nationa] 
Secretary Henline presented a_ historical] 
outline of student Branches and the na. 
tional AIEE organization. Vice-Presiden | 
Harrison, who spoke on District activitie 
convinced all present that engineering | 
societies offer some exceptional opportunij- 
ties to engineers at the present time and 
that all student engineers should associate 
themselves actively with the engineering 
society of their choice. Professor E. E. 
Kimberly, chairman of the Institute’ 

Columbus Section, and V. Frederiks 

secretary of that Section, outlined the se 


structive work being done between th 
Section and the Ohio State University 
Branch. 

On Saturday morning, November 14, the 
group was taken on an inspection trip of 
the laboratories at Ohio State. ; 
followed by separate meetings of the Branch 
chairmen and counselors. The studen 
group with R. P. Stokely, chairman of the 
Ohio State Branch presiding, carried o 
informal discussion of: 
by students in meetings; (2) credit for 
attendance; (8) competition for prizes; 
(4) encouragement of attendance of upper 
classmen, sophomores, and freshmen; 


America be invited to participate in this 
convention, since they are situated nea: 
Baltimore. It was the consensus of opinion 
that Branches situated in a central area 
should work as a unit in holding student 
Branch conventions. 

It was decided that the next Distrigy 


a 


Your response to our request for names of prospective members 
has been very helpful so far this year. 
to reach the goal of 2,000 applications by May. 


We need your continued aid 
Whether you have 


already suggested some one or not, send in the name of a good 
prospect now. 
The busy season of the Institute year is now well under way. 


Take your fellow engineer who is not a member to your Section 
meetings, to the convention technical sessions, to the dinner-dance 
and the smoker, and show him what we do. 
send his name to your Section membership committee chairman.  |f 


When he is interested, 


Vice-Chairman, District No. 3 
National Membership Committee 


ELECTRICAL ENGINEERING 


Table | 


Branch Counselor Delegate 
Pe PEOLOA KL OL: etal cages tee 8 Hie soe Ghee whe JABS ENG e2! B00 cat hee Ge nh RICE nn er er Pe 
| CRS UU Sead G 60h 6c (ROPES Gree ERCICIO EY CRS CALC ee SNCRERL Ak ERATE RES enn Ripple Schumaker 
OPIS St TO DECI .\.,fertatene cleels cores evaiornute te IMS AO CHOMVIZMERY siete rete hde 8 eres J. C. Lynch 
ase School of Applied Science................. Bc CrOeletZ ky... ta encanta etecske cele s J. A. Harshaw 
RIT CalS TLV OlwATILGES CA emerge dal cre terete eye me ltya cw atc env eute rae aoa ustcus ds eens Srerareliweviateva: sia Ge. dears tics adie 
SEO ReCinCinn ations cua Wak cis etecave.custese oes WOR CUlVvercragyscs .inteake ¢ ovaccin Oe atte B. Baumzweiger 
ORE SRICCS Rg 727 5 PR a Ee POP MILAN EO ein or ok cis ig) catessisid Ninlid aie H. W. Graybill 
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onference of Branch counselors and chair- 
nen should be held at Akron in October 
937, in conjunction with the District 
neeting to be held there at that time. 
Professor A. G. Ennis of George Washing- 
on University, was elected chairman of the 
onference for the year beginning August 1, 
937. Professor E. O. Lange was elected 
s a delegate to the Institute’s 1937 summer 
onvention to be held June 21-25, 1937, at 
Vlilwaukee, Wis. 

At the conclusion of these sessions, the 
ounselors and students reconvened for a 
inal joint session during which the pro- 
eedings at the separate sessions were sum- 
narized. 


=ta Kappa Nu 
Announces Awards 


Frank M. Starr (A’30), central station 
ngineering staff, General Electric Company 
schenectady, N. Y., has been named by 
‘ta Kappa Nu, honorary electrical engi- 
leering society, as America’s outstanding 
roung electrical engineer for 1936. Mr. 
‘tarr was selected from 47 nominees, and 
ie becomes the first to be so recognized by 
his society in its plan to recognize out- 
tanding young electrical engineers. (See 
mnouncement in March 1936 issue of 
SLECTRICAL HNGINEERING, pages 306-07.) 
‘our other candidates were selected as 
ecipients of honorable mention certificates; 
hese men are: P. L. Bellaschi (A’28, 
M’34) development and research engineer, 
Nestinghouse Electric & Manufacturing 
Sompany, Sharon, Pa.; E. W. Boehne 
A’29) engineer, large oil circuit breaker 
ngineering department, General Electric 
Sompany, Philadelphia, Pa.; A. C. Seletzky 
A’29, M’35) assistant professor of electrical 
ngineering, Case School of Applied Science, 
“eveland, Ohio; and C. G. Veinott (A’28, 
M’34) electrical engineer, Westinghouse 
Mectric & Manufacturing Company, Spring- 
ield, Mass. Biographical sketches of the 
ecipients may be found in the “personal” 
olumns of this issue. 

The awards were made by a committee 
omposed of: E. B. Meyer (A’05, F’27, 
ast-president) chief engineer, electric engi- 
leering department, Public Service Electric 
nd Gas Company, Newark, N. J.; L. W. 
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W. Morrow (A’13, F’25) general manager, 
fiber products division, Corning Glass 
Works, Corning, N. Y.; the late General 
R. I. Rees; C. A. Butcher (M’22) eastern 
engineering manager, Westinghouse Elec- 
tric & Manufacturing Company, New York, 
N. Y.; Everett S. Lee (A’20, F’30) engi- 
neer, general engineering laboratory, General 
Electric Company; Schenectady, N. Y.; 
and R. I. Wilkinson (A’35) engineer, Bell 
Telephone Laboratories, New York, N. Y.; 
the last 2 men are past-presidents of Eta 
Kappa Nu. 

The recognition plan sponsored by Eta 
Kappa Nu is designed: (1) to assure due 
and appropriate honors to young electrical 
engineers for “meritorious service in the 
interest of their fellowmen’’; (2) to give the 
engineering profession concrete examples of 
what young men under 35 years of age and 
not more than 10 years out of college can 
be expected to achieve; and (8) to inspire 
by these young men’s careers, and furnish 
guides for, undergraduates and new engi- 
neering graduates to take up their own 
professional development as soon as possible. 
A very broad range of accomplishments 
from scientific research to civic and political 
activity and artistic creation is recognized, 
the aim being to encourage engineers to 
obtain a truly liberal and humanistic per- 
spective at an early point in their careers. 

Nominations of candidates for the 19386 
recognition were received from heads of 
electrical engineering departments of col- 


Future AIEE Meetings 


Winter Convention 
New York, N. Y., Jan. 25-29, 1937 


North Eastern District Meeting 
Buffalo, N. Y., May 5-7, 1937 


Summer Convention 
Milwaukee, Wis., June 21-25, 1937 


Pacific Coast Convention 
Spokane, Wash., Date to be deter- 
mined 


Middle Eastern District Meeting 
Akron, Ohio, Fall 1937 


News 


leges and universities throughout the coun- 
try, from Sections of the AIEE, and from 
individual members of the Eta Kappa Nu 
Association. Mr. Starr will have the honor 
of being the first to have his name placed 
on a large bronze bowl created by Eta 
Kappa Nu, which will be kept on display 
at the headquarters of the AIEE in the 
Engineering Societies Building in New 
York. Mr. Starr will also be presented 
with a smaller reproduction of the bowl, 
engraved with a brief résumé of his accom- 
plishments, at the citation ceremonies to 
be held in New York on the evening of 
January 25, 1937, during the AIEE winter 
convention. 


District and National Prizes 
for 1936 Technical Papers 


All who have presented technical papers 
before the Institute during the calendar 
year 1936 are eligible under the AIEE 
paper prize regulations for competitive 
consideration for one or more of the estab- 
lished prizes. Papers are eligible for sub- 
mission to the prize committees regardless 
of whether presented before a Branch 
meeting, a Section meeting, a District meet- 
ing, or a national convention, the several 
classes providing for equitable competition. 
Both District and national prizes are 
awarded each spring for papers presented 
during the preceding calendar year. Rules 
governing the awards were outlined in the 
December 1935 issue of ELECTRICAL ENGI- 
NEERING, pages 1414-15. 

Although all 1936 papers are eligible for 
consideration, every paper for which prize 
consideration is desired must be submttted 
specifically for that purpose (except as 
noted below) not later than February 15, 
1937, through the District secretary for 
consideration for the District prizes, or 
through the national secretary’s office for 
consideration for the national prizes. 
There is no provision for automatic con- 
sideration of papers, with the exception 
that those approved by the technical pro- 
gram committee and presented at national 
conventions or District meetings, will be 
considered by the national prize committee 
for the national ‘“‘best paper’ and ‘‘initial 
paper” prizes without being formally 
offered for competition. 


Executive Committee Meets 
at Institute Headquarters 


A meeting of the executive committee of 
the American Institute of Electrical Engi- 
neers was held at Institute headquarters, 
New York, N. Y., December 10, 1936, in 
place of the regular meeting of the board of 
directors. 

Present: A. M. MacCutcheon (chair- 
man), O. B. Blackwell, Everett S. Lee, 
E. B. Meyer, L. W. W. Morrow, W. I. 
Slichter; National Secretary H. H. Hen- 
line. 

Reports were presented and approved of 
meetings of the board of examiners held 
October 28 and December 2, 19386. Upon 
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the recommendation of the board of ex- 
aminers, the following actions were taken: 
3 applicants were transferred to the grade 
of Fellow; 17 applicants were transferred 
and 14 were elected to the grade of 
Member; 76 applicants were elected to the 
grade of Associate; 560 Students were en- 
rolled. 

Disbursements in November amounting 
to $20,511.61 were reported by the finance 
committee and approved. 

Report was made and approved of the 
appointment, upon the nomination of the 
standards committee, of H. W. Samson as 
AIEE representative on the sectional com- 
mittee on standardization of graphical sym- 
bols and abbreviations (732) of the Ameri- 
can Standards Association. 

Further consideration was given to the 
subject of broadening Institute activities to 
cover discussions of social and economic sub- 
jects. At its October 19386 meeting, the 
board of directors passed a motion concur- 
ring in the suggestion that such topics are of 
general interest to electrical engineers, call- 
ing attention to the fact that the Institute 
offers opportunity for discussion of such 
questions, and suggesting that papers on 
these subjects be submitted to the proper 
committees of the Institute for considera- 
tion for national presentation and publica- 
tion. After a discussion of the procedure to 
be followed in this matter, it was voted that 
_ a special committee on broadening of Insti- 
tute activities be appointed, consisting of 
the chairman of the technical program com- 
mittee as chairman, and the chairmen of the 
committees on code of principles of pro- 
fessional conduct, co-ordination of Institute 
activities, economic status of the engineer, 
Institute policy, legislation affecting the 
engineering profession, publication, ard 
Sections. 

Other matters were discussed, reference 
to which may be found in this or future 
issues of ELECTRICAL ENGINEERING. 


Weston Library Willed to 
Newark Engineering College 


By the terms of the will of the late Doctor 
Edward Weston (A’84, M’84, HM’33, past- 
president) the Newark (N. J.) College of 
Engineering is to receive his general and 
technical library with a sum sufficient to 
provide for housing and maintaining it. 
The library is reported to contain complete 
sets of the proceedings of scientific societies 
not only in America, but from many foreign 
countries. In addition to his library, Doctor 
Weston willed the college the drawings and 
designs for his many patents and discoveries 
and much data accompanying them of great 
general interest and historical value. The 
college is planning to gather together this 
material and arrange it in such manner as to 
form a proper record of Doctor Weston’s 
contribution to science and technology. 

Doctor Weston was a member of the 
original board of trustees of the Newark 
Technical School, predecessor of the Newark 
College of Engineering, in which capacity he 
served for:many years. Although forced to 
retire from the board because of increasing 
business obligations, he maintained an ac- 
tive interest in the college until his death, 
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which occurred on August 20, 19386. A 
biographical sketch of his career appeared in 
the September 1936 issue of ELECTRICAL 
ENGINEERING, page 1049. 


AIEE Officers 
to Be Nominated Soon 


In accordance with the Institute’s by- 
laws, the national nominating committee of 
the AIEE will meet during the winter con- 
vention, New York, N. Y., January 25-29, 
1937, for the purpose of nominating national 
officers to be voted upon by the membership 
in the spring of 1937. Members of the na- 
tional nominating committee, named in ac- 
cordance with the Institute’s by-laws, are as 
follows: 


Representing the Board of Directors 


O. B. Blackwell 
N. E. Funk 


A. C. Stevens 
J. B. Whitehead 
(One additional member to be appointed) 
Representing the 10 Geographical Districts 


1—T. H. Morgan, Worcester Polytechnic Insti- 
tute, Mass. 


2—W. E. Wickenden, Case School of Applied 
Science, Cleveland, Ohio. 


3—E. B. Meyer, Public Service Electric and Gas 
Company, Newark, N. J. 


4—E. E. George, Tennessee Electric Power Co., 
Chattanooga, Tenn. 


5—K. L. Hansen, Harnischfeger Sales Corpora- 
tion, Milwaukee, Wis. 

6—A. L. Turner, Northwestern Bell Telephone 
Company, Omaha, Neb. 


7—J. W. Ramsay, University of Texas, Austin, 


8—H. S. Lane, Pacific Gas and Electric Company, 
San Francisco, Calif. 


9—R. E. Kistler, Pacific Telephone and Telegraph 
Company, Seattle, Wash. 


10—C. V. Christie, McGill University, Montreal, 
Quebec, Can. 


The provisions of the AIKE constitution 
and by-laws relating to nomination of offi- 
cers were given in ELECTRICAL ENGINEERING 
for November 1936, page 1278, wherein 
members were invited to submit suggestions 
for nominations not later than December 15, 
1936. The methods whereby nominations 
also may be made independent of the nomi- 
nating committee were given in that item. 


News 


Briefly, independent nominations may be 
made by a petition of 25 or more members 
sent to the national secretary at Institute 
headquarters, not later than March 25, to 
be placed before the nominating committe 
for inclusion in the ballot of such candi- 


dates as are eligible. Petitions for the nomi- 
nation of vice-president may be signed only 
by members within the District concerned. | 


a 


New York Gathering Hon 


Memory of Rudolph Diesel 


In commemoration of the 40th anniver- 
sary of the introduction of Diesel power into 
the United States, some 250 or more leade 
in American business, industry, engineerin: 
research, and education gathered at the 
Waldorf-Astoria Hotel in New York Cit 
December 2, for a special luncheon which 
coincided with “Diesel Day” at the th 
current annual power show in New Yor 

Diesel, Paris-born Bavarian refrigerating 
engineer, had specialized in the study o 
thermodynamics and was much a 
with the Carnot theory of a perfect engine, 
the continued study of which subject le 
him toward his ultimate development. 
In 1892 he obtained his first German patent 
covering claims for both simple and com- 
pound Diesel engines, the suggested fue 
being coal dust. Later patents inl 
the use of petroleum oils and the employ 
ment of high-pressure air to inject the oil 
charge into the cylinder. Early develop- 
ment, however, was slow, and it was Fate’s 
decree that never during the inventor’s 
lifetime did his engine become generally 
recognized as an important source of power. 
Doctor Diesel disappeared from a ship while 
en route from Germany to England, during 
September 1913, on the eve of his engine’s 
career. 

In 1896, Adolphus Busch of Anheuser- 
Busch fame acquired the American Diesel 
license, and built in St. Louis, Mo., a 60- 
horsepower 2-cylinder unit, which, placed 
in service in 1898, is said to be the first 
Diesel engine in the world to be put actually 
into industrial service. In the interim, re- 
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arch and industrial progress, with their 
y-products of improved knowledge of 
lermodynamics and vastly improved ma- 
rials of construction have permitted the 
velopment and improvement of the Diesel 
igine to a point where the new horsepower 
laced in service during 1936 is estimated at 
100,000. 

Chairman of the committee of arrange- 
ents was Gordon Rentschler, president of 
he National City Bank of New York; 
aster of ceremonies was Radio-Commen- 
itor John B. Kennedy. Feature speakers, 
ich of whom spoke briefly from the point 
* view of his own business activities, in- 
uded: Edward B. Pollister, president, 
usch-Sulzer Brothers Diesel Engine Com- 
any; Capt. Edward V. Rickenbacker, 
ice-president, Eastern Air Lines; Col. 
obert H. Morse, president, Fairbanks- 
[orse & Company; Thomas H. Beck. 
resident, Crowell Publishing Company; 
. L. Cummins, president, Cummins En- 
ne Company; Edward G. Budd, Edward 
. Budd Manufacturing Company (stream- 
aed trains); R. U. Blasingame, president, 
merican Society of Agricultural Engi- 
sers; David S. Sarnoff (via radio from 
hicago) president, Radio Corporation of 
merica; B. C. Heacock, president, Cater- 
Mar Tractor Company; and Charles F. 
ettering (via radio from Detroit) vice- 
resident in charge of research, General 
[otors Corporation, who emphasized the 
tent of the internal combustion engine 
arket in America, by pointing out that 
iring 1936 some 200,000,000 horsepower 
new motors cars had been manufactured. 


isulation Stability 
Research to Be Extended 


Engineering Foundation, with the spon- 
tship of the AIEE, has appropriated 
,000 for an experimental research on the 
ability of impregnated paper insulation. 
ne work is to be done in the school of 
gineering of The Johns Hopkins Uni- 
rsity, Baltimore, Md., under the direction 
Doctor J. B. Whitehead (A’00, F’12, past- 
esident) professor of electrical engineering. 
This work will be an extension of that 
mpleted several years ago by Doctor 
hitehead and associates on the stability 
impregnated paper as related to the physi- 
| properties of the impregnating oil. The 
w work will include a similar series of 
celerated life tests as related to variations 
the physical and chemical properties of 
e paper. 

The present appropriation and plans are 
- a period of a year, but it is expected 
at both will be continued a second year. 


oble Prize Awarded 
to Institute Member 


The Alfred Noble Prize for 1936 has 
sn awarded to Abe Tilles (A’30, M’36) 
tructor in electrical engineering at the 
iversity of California, Berkeley, for his 
ner “Spark Lag of the Sphere Gap.” 
is paper, which received the Institute’s 
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1935 Pacific District prize for best paper, 
was published in ELECTRICAL ENGINEERING 
for August 1935, pages 868-76, and was 
presented at the AIEE Pacific Coast con- 
vention, Seattle, Wash., August 27-30, 
1935. An item regarding Doctor Tilles is 
given in the personal columns of this issue. 
Presentation of the award will be made 
at the AIEKE 19387 winter convention. 


The Alfred Noble Prize was instituted in 
1929 in honor of Alfred Noble, past-presi- 
dent of the American Society of Civil Engi- 
neers and the Western Society of Engineers, 
and consists of a $500 cash award and an en- 
graved certificate. The award is made toa 
member of any grade of either the American 
Society of Civil Engineers, the American 
Institute of Mining and Metallurgical En- 


mbrose Swasey (center), ‘“‘Knight of the Kindly Heart,’’ Honorary Mem- 

ber of the Institute, founder and patron of The Engineering Foundation, as 
he appeared at the Astor Hotel in New York City, December 2, 1936, cele- 
brating his ninetieth birthday by receiving simultaneously the Hoover Gold 
Medal, highest American engineering award, and the Gold Medal of the 
Verein Deutscher Ingenieure, outstanding German award. At Mr. Swasey’s 
right is Herbert Hoover (HM’29), for whom the medal was named and to 
whom in 1930 its first award was made ‘“‘for distinguished public service.” 
Mr. Swasey is the second to receive the award. At Mr. Swasey’s left is Dr. 
Gano Dunn, past-president of the Institute, and chairman of the Hoover 
Medal board of award. Other details pertaining to the award and its recipient 
were given in the November 1936 issue of ELECTRICAL ENGINEERING, pages 
1278-9 and 1288. 

In connection with the presentation ceremonies, Doctor Dunn outlined 
medallist Swasey’s long and colorful career. Mr. Hoover amplified this in 
his ‘‘tribute to Mr. Swasey as an engineer for his 70 years of active service to 
engineers and to humanity,”’ stating that the ‘“‘sum of Mr. Swasey’s contribu- 
tions has brought more comfort and more security to more human beings than 
have come from ‘any one other individual.” Incidentally, Mr. Hoover flung 
an engineer’s challenge to engineers by stating emphatically that ‘‘the engi- 
neer no longer can hold himself to design and administration, but must 
range out into broader fields if humanity’s problems of today are to be 
solved satisfactorily.” 
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gineers, The American Society of Mechani- 
cal Engineers, the American Institute of 
Electrical Engineers, or the Western Society 
of Engineers, for a technical paper of par- 
ticular merit accepted by the publication 
committee of any of the foregoing societies 
for publication, in whole or in abstract in 
any of their respective technical publica- 
tions, provided the author, at the time the 
paper is accepted in practically its final 


form, is not over 30 years of age. The re- 
cipient of the prize is selected by a commit- 
tee of 5 members, consisting of one repre- 
sentative of each society, the award being 
based upon papers published by the so- 
cieties within the 12 months preceding July 
15 of each year. 

The first award of the Alfred Noble Prize 
was made in 1931, and the second award, in 
1932, was made to F. M. Starr (A’30). 


a eee to the Edizor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with technical 
papers, articles published in previous issues, or other 
subjects of some general interest and professional im- 
portance. ELECTRICAL ENGINEERING will endeavor 
to publish as many letters as possible, but of 
necessity reserves the right to publish them in 
whole or in part, or reject them entirely. 


ALL letters submitted for consideration should be 
the original typewritten copy, double spaced. Any 
illustrations submitted should be in duplicate, 
one copy to be an inked drawing but without 
lettering, and other to be lettered. Captions 
should be furnished for all illustrations. 


STATEMENTS in these letters are expressly under- 
stood to be made by the writers; publication here 
in no wise constitutes endorsement or recognition 
by the American Institute of Electrical Engineers. 


Engineering Education— 
Opinions and Influencing Factors 


To the Editor: 


In their closing discussion on their paper 
“Engineering Education—Opinions and In- 
fluencing Factors’ (see ELECTRICAL ENGI- 
NEERING, October 1936, page 1147), 
Professors King and Eshbach raise certain 
questions that should be answered. One 
of these points was discussed in my paper 
“A New General Engineering Curriculum” 
as presented before the electrical engineer- 
ing conference of the Society for the Pro- 
motion of Engineering Education in Madi- 
son, Wis., in June 1986 (see Journal of 
Engineering Education, volume 26, number 
10, June 1936, page 826). 

The members of the committee that 
worked out the details of this new general 
engineering curriculum, debated at length 
concerning the choice of a proper descriptive 
name for this new curriculum. They felt 
that “‘basic’’ engineering most nearly de- 
scribed the content, but recognized the fact 
that this term had no generally accepted 
meaning in either the engineering world or 
in industry. At the same time, the com- 
mittee realized that “‘general’’ engineering, 
in its ordinary usage, connoted considerable 
emphasis upon managerial studies, and 
usually a wide range of electives in liberal 
amounts. Finally, it was decided that 
perhaps it was best at first to label it, in the 
college catalog, as “general engineering” 
with the subtitle description of ‘composite 
course including the basic essentials of 
civil, electrical, industrial, and mechanical 
engineering.” 

It was recognized immediately that pro- 
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fessional society activities would be a neces- 
sary concomitant of the academic program 
of study. A local General Engineering 
Society was formed and started functioning 
immediately after the curriculum was 
opened. Meetings are held just as fre- 
quently as those of the student branches 
of the various national engineering so- 
cieties. Also, the General Engineering 
Society participates jointly with the other 
student engineering societies in the activities 
of the local engineering society, which in- 
cludes in its membership students from all 
engineering departments. Senior students 
in general engineering are encouraged to 
attend in rotation the meetings of the 
student branches of the 4 national societies 
sponsored by the 4 co-operating depart- 
ments, in addition to the meetings of their 
own General Engineering Society. In this 
way they get well acquainted with national 
professional engineering societies and should 
have every incentive for associating with 
one of the national engineering societies 
as soon as they become placed in industry. 


Respectfully yours, 
ALBRECHT NAETER (A’23, M’30) 


Professor and Head of Electrical 
Engineering Department, 
Oklahoma Agricultural and 
Mechanical College, Stillwater 


The Measure 


of an Engineer 


To the Editor: 


In his response, in receipt of the Lamme 
medal, Doctor Vannevar Bush stated that 
engineers were responsible and honest peo- 
ple, but too often inclined to mind their own 
business. (“The Measure of an Engineer,” 
ELECTRICAL ENGINEERING, August 1936, 
page 854.) 

Such modesty and a minding of his own 
business are very practical guides to the 
engineer’s conduct in his social community. 
Viewing socio-economic matters of the past 
and present he is not so much inarticulate as 
incoherent, as would be a medical person 
should he presume to speak on such matters. 
Let the engineer stick out his neck too far, 
he will receive, as descriptive of society’s 
understanding of his stimuli, such trivia as: 


*.. but think of his power. Think of the tempta- 
tion of playing with his switchboard just for the 
fun of it. In his place and at his age I do not think 
I could have resisted it.” 


News 


This appeared in an article ‘‘Notes on the 
Conventions,’ by R. deR. deSales, pub- 


Doctor Bush and those of M. deSales. Re 
member, however, the latter is a journalist, 
He writes for the general public. He thus 
reflects their viewpoint. What he asks us to 
“think” the public in general thinks. Note 
that there is no reference to responsibilities 


might capriciously be brought about by 2 
wholesale confusion. 


mind and its relation to any sort of science, 
let us assume M. deSale’s attitude and apply 
the words to one or 2 other classes of per. 
sons. First, let us think of medical doctors: 
“.. but think of his power. Think of the 
temptation of playing with his patient just 
for the fun of it. In his place...etc.” “An 
unthinkable and monstrous idea!’’—thus we 
could expect to hear from common men 
filled with a thumping indignation. 

But let us continue with possible other 
changes in the original quotation. Though 
the thought intrigues, we pass charitably 
over the substitution of “‘plaintiff,’’ or “de- 
fendant”’ or “‘witness’”’ for “switchboard.” 
Rather put “‘printing-press’’ in its place ! 
meantime thinking ‘‘journalist’’ instead of 
“engineer.”’ M. deSales himself would 
doubtless be among the most notable i 
rightly professing that inherent responsi 
bility which the true journalist feels. 


his original words represent a popular con- 
ception of the mischievous possibilities in- 


as admissible to engineers’ mentalities. It 
represents the popular mind’s notion of the 
mental set of scientists. These are the per 
sons whom the public suspects of being that 
vast impersonal THEY in vexatious control 
of present-day developments and operations 

So, in all sincerity, I beg those who ar 
capable to give us further *centel fal 
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along the line of Dr. Bush’s “central func- 
tion” thesis. The engineer needs encourage- 
ment to apply the principles of scientifi 
action to human affairs rather than feeling 
pressure to rush himself uncritically at the 
“success”? demands of a business-based social | 
order. He needs his backbone stiffened so 
that he may courageously focus back the ills 
of society on itself by applications of science, 
not to try to use it to produce any sort of 
palliatives. In war, physicians attend the 
wounded, even though in their hate of war 
they know that larger mass death would 
sooner terminate hostilities. Such behavior 
is an aspect of scientific method applied to 
human behaviors. The public considers 
such action worthy. : 

The proper role of an engineer at a politi- 
cal convention is likewise a scientific one. 
If the proceedings are consequential, well 
and good. Should they be so much twaddle, 
it is his true office to let that fact appear. 
But in the cheerful disorder of his mind 
Johnny Q. Public is a long way from any 
such realization. 


Yours very truly, 
J. ANDREW Dovuetas (A’18, M’29) 


Physics and General Science Teacher, 


Murphy High School, 
Mobile, Alabama 
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ALEX Dow (A’93, F’13, member for life) 
esident, Detroit (Mich.) Edison Com- 
ny, has been awarded the AIEE Edison 
edal for 1936 “‘for outstanding leadership 
the development of the central station in- 
istry and its service to the public.’? The 
edal, which was founded by friends and 
sociates of the late Thomas A. Edison 
84, M’84, HM’28), and is awarded an- 
tally for ‘“‘meritorious achievement in elec- 
ical science, electrical engineering, or the 
sctrical arts,’’ will be presented to Doctor 
ow during the Institute’s winter convention 
New York, N. Y., January 25-29, 1937. 
octor Dow was born in Glasgow, Scotland, 
1862, and although he is not a graduate of 
technical school, he has received the hon- 
ary degrees of master of engineering (1911) 
id doctor of engineering (1924) from the 
niversity of Michigan and doctor of science 
935) from the University of Detroit. 
uring the period 1874-82, he was em- 
oyed as junior clerk and stenographer in a 
ilroad office and in the offices of a steam- 
ip company in Liverpool, England. In 
82 he came to the United States, and was 
nployed in various departments of the 
altimore and Ohio Railroad Company. 
ater he was transferred to the Baltimore 
id Ohio Telegraph Company to take 
arge of local line and instrument mainte- 
ince, with some construction and experi- 
ental work on telephones. In 1888 he was 
oployed by the Brush Electric Company, 
leveland, Ohio, as installation electrician 
the Chicago (Ill.) office, becoming district 
gineer in that office in 1889. In 1893, he 
cepted the opportunity to design and 
pervise the construction of the original 
iblic lighting plant of the city of Detroit, 
id in 1896 he became vice-president and 
neral manager of the Edison Illuminating 
ompany of Detroit. This company was 
eceeded by the Detroit Edison Company 
1903, and Doctor Dow was retained as 
ce-president until 1918, when he was made 
esident. He became a naturalized citizen 
1895. Doctor Dow has been a leading 
oneer in the United States in the engineer- 
x, rate making, and general operation of 
e electric light and power utility, and is 
ven credit for both the engineering and 
ancial success of his enterprises. He has 
pervised the design and construction of 
veral generating stations of the Detroit 
lison system, and he is called the father of 
e so-called “‘big’? steam boiler in the 
1ited States, having installed 2,350- 
rsepower boilers at a time when 600- to 
Q-horsepower units were commonly con- 
lered large. He was the first to adopt the 
derfeed stoker for large installations, and 
ich of the earlier development of this type 
equipment was made in his power plants. 
addition to his electric utility activities, 
xctor Dow served the city of Detroit as the 
gineer member of the Board of Water 
ymmissioners from 1916 to 1921, and 
ain from 1925 to 1927. He is a member of 
ie American Society of Mechanical Engi- 
ers (president 1928), American Society of 
vil Engineers, the Institution of Electrical 
iineers (Great Britain), and the Detroit 
gineering Society (charter member and 
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past-president). He has recently been 
elected an honorary member of both the 
ASME and the ASCE. For his paper ‘“‘On 
the Schooling of Engineers’? (published in 
the December 1934 issue of ELECTRICAL 
ENGINEERING, pages 1589-91), he was 
awarded the AIEKE 1935 national prize for 
best paper in public relations. 


O. E. Buckiey (M’19, F’29) director of 
research for the Bell Telephone Labora- 
tories, Inc., New York, N. Y., has been 
elected executive vice-president. Doctor 
Buckley was born at Sloan, Iowa, August 8, 
1887, and received the degrees of bachelor 
of science from Grinnell College (1909) and 
doctor of philosophy from Cornell Univer- 
sity (1914). In 1936 the honorary degree of 
doctor of science was conferred upon him by 
Grinnell College. Doctor Buckley was an 
instructor in physics at Grinnell College 
during 1909-10, an assistant in physics at 
Cornell University 1910-12, and instructor 
1912-14. He was then employed in the 
engineering department of the Western 
Electric Company until he was given charge 
of the signal corps laboratory of the U. S. 
Army in Paris, France, during 1917-18. 
After he returned to the company (from 
which Bell Telephone Laboratories, Inc., 
later was derived) he engaged in work on 
continuously loaded cables. In 1927 Doctor 
Buckley was made assistant director of re- 
search, and 6 years later became director of 
research, a position in which he had charge 
of fundamental studies in a great variety of 
fields. Since 1926 Doctor Buckley has been 
a member of the Institute’s committee on 
electrophysics, and from 1929-31 he was 
itschairman. During the period 1929-31 he 
was a member of the meetings and papers 
committee (now technical program) and 
since 1934 he has been a member of the 
committee on research. He is a member of 
the Franklin Institute, American Physical 
Society, and American Association for the 
Advancement of Science. 


O. B. BLackweLL (A’08, F’17, vice- 
president) formerly manager of staff de- 
partments, Bell Telephone Laboratories, 
Inc., New York, N. Y., has been elected 
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O7E. BUCKLEY, 


vice-president of the laboratories with re- 
sponsibility for the development of com- 
munication apparatus and telephone sys- 
tems. Mr. Blackwell was born at Bourne, 
Mass., August 21, 1884. Receiving the de- 
gree of bachelor of science from Massachu- 
setts Institute of Technology in 1906, he 
immediately entered the engineering depart- 
ment of the American Telephone and Tele- 
graph Company. In 1914 he became trans- 
mission and protection engineer, and with 
the formation of the department of develop- 
ment and research in 1919 he became trans- 
mission development engineer. When that 
department was consolidated with Bell 
Telephone Laboratories in 1934, Mr. Black- 
well was appointed director of transmission 
development. In 1935 he was made mana- 
ger of staff departments. In his new posi- 
tion as vice-president he will have charge of 
the apparatus development, systems de- 
velopment, and protection development de- 
partments. His individual contributions to 
the communication art have been to the 
practical theory of transmission and cross- 
talk and to many problems which have 
arisen in transmission development. Mr. 
Blackwell has served on the Institute’s com- 
mittee on communication 1918-26 (chair- 
man 1922-25) and from 1935 to the present 
time; in 1936 he was elected a vice-president 
representing the New York City District 
and was appointed a member of the stand- 
ards committee. He is a member of the 
plant co-ordination committee and the joint 
sub-committee on development and research 
of the Edison Electric Institute and Bell 
System, and a member of the standards 
council of the American Standards Asso- 
ciation. 


E. W. BoEHuNE (A’29) engineer in the 
large oil circuit breaker engineering depart- 
ment of the General Electric Company, 
Philadelphia, Pa., has received honorable 
mention in connection with the selection by 
Eta Kappa Nu, honorary electrical engi- 
neering society, of America’s outstanding 
young electrical engineer for 1936 (see page 
193). Mr Boehne was born at Laramie, 
Wyo., June 2, 1905. Following graduation 
in 1926 from the Agricultural and Mechani- 
cal College of Texas, Mr. Boehne entered the 
General Electric Company at Lynn, Mass., 
for a year and then undertook graduate work 
at Massachusetts Institute of Technology, 
receiving the degree of master of science in 
1928. He was one of 2 men from that insti- 
tution selected to take the advanced course 
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M. J. KELLY 


in engineering of the General Electric Com- 
pany at Schenectady, N. Y. Since 1933 he 
has been in the switchgear plant of that 
company at Philadelphia. He has special- 
ized in the protection of electrical equip- 
ment from surges due to lightning and 
switching, his early work on the calculation 
of arrester performance in connection with 
choke coils being notable. He was closely 
associated with the design of 287-kv circuit 
breakers for the Boulder Dam-Los Angeles 
transmission line, and is the author of sev- 
eral Institute papers. Mr. Boehne is a 
member of the Franklin Institute, and is 
interested in the activities of the Roerich 
Society, whose aim is “‘world peace through 
the arts.” 


M. J. Kevry (M’26, F’31) vacuum tubes 
and transmission instruments director, Bell 
Telephone Laboratories, Inc., New York, 
N. Y., has been appointed director of re- 
search. He was born at Princeton, Mo., 
February 14, 1894, and received the degrees 
of bachelor of science (1914) and master of 
science (1915) from the University of 
Missouri. In 1919 he received the degree of 
doctor of philosophy from the University of 
Chicago and in May 1986 he received an 
honorary degree of doctor of engineering 
from the University of Missouri in recogni- 
tion of his contributions to communication 
engineering. Doctor Kelly joined the engi- 
neering department of the Western Electric 
Company, now Bell Telephone Labora- 
tories, in 1919 and since then has been con- 
tinuously engaged in researches in elec- 
tronics and in the development of ther- 
mionic devices of all types. In 1922 he was 
placed in charge of the vacuum-tube de- 
velopment of the laboratories. In 1935 in 
addition to that work he was placed in 
charge of the development of transmitters 
and receivers for telephone instruments. 
Now, as director of research, he is in charge 
of all of the research activities of the labora- 
tories. Doctor Kelly has served on the In- 
stitute’s committees on communication and 
standards since 1934. 


J. H. Herron (M’35) president, The 
James H. Herron Company, Cleveland, 
Ohio, has been elected president of The 
American Society of Mechanical Engineers 
for the year 1936-37. Mr. Herron was born 
at Girard, Pa., January 4, 1875, and re- 
ceived the degree of bachelor of science in 
electrical engineering at the University of 
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Michigan in 1909. From 1889 to 1897 he 
was employed in Erie, Pa., and subse- 
quently was assistant engineer in charge of 
power for the Cambria Steel Company, 
Johnstown, Pa.; vice-president and chief 
engineer of the Bury Compressor Company, 
Erie; manager of the Motch & Merry- 
weather Machinery Company, Detroit, 
Mich.; and chief engineer and works mana- 
ger of the Detroit Steel Products Com- 
pany. Since 1909 he has been president of 
The James H. Herron Company, engineers 
and chemists. He is also president of the 
Paragon Laboratories, director of the Bald- 
win Farms Land Company, and secretary of 
the National Engineering Inspection Asso- 
ciation. He is the author of articles on 
metallurgical subjects published in technical 
periodicals, and is the inventor of the air- 
compressor inlet-valve unloader and of 
numerous devices for use with air com- 
pressors and metallurgical furnaces. Mr. 
Herron has served The American Society of 
Mechanical Engineers as manager (1922-25) 
and as vice-president (1934-36), and was 
president of the Cleveland Engineering So- 
ciety during the year 1917-18. His other 
society affiliations include the American 
Society of Civil Engineers, American Insti- 
tute of Mining and Metallurgical Engineers, 
American Chemical Society, American So- 
ciety for Testing Materials, British Iron and 
Steel Institute, Society of Automotive Engi- 
neers, American Concrete Institute, and 
American Association for the Advancement 
of Science. 


F. M. Srarr (A’80) central station engi- 
neer, General Electric Company, Schenec- 
tady, N. Y., has been named by Eta Kappa 
Nu, honorary electrical engineering society, 
as America’s outstanding young electrical 
engineer for 1936. Details of the award are 
given elsewhere in this issue. Mr Starr was 
born at Fowler, Colo., February 26, 1905, 
and was graduated with special honors from 
the University of Colorado in 1928 with the 
degree of bachelor of science in electrical 
engineering. He then joined the General 
Electric Company, entering on the test 
course at Schenectady, N. Y. The following 
year he entered the engineering general de- 
partment and for the past 5 years has been 
a member of the central station engineering 
department. Mr. Starr’s contributions to 
the electrical art have been chiefly in the 
field of central station design and power dis- 
tribution. His researches and inventions in 
the devising of equivalent circuits for simu- 
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ABE TILLES 


lating complex networks resulted in the 
widespread adoption of new and more exa 
methods for calculating system performan 
under both normal and emergency condi 
tions. His later work in establishing meth- 
ods for detecting faults on ungrounded lines 
and his study on the design, operation, and 
economics of various types of distribution 
systems, particularly networks, have also 
attracted wide attention. Mr. Starr ha 
presented several papers before the Institu 
and received the Alfred Noble prize for hi 
paper on equivalent circuits presented 
1932. The degree of electrical engineer was 
conferred upon him in 1933 by the Univer- 
sity of Colorado in recognition of his work. 


assistant engineer in charge of transform 
design for the Allis-Chalmers Manufact 
ing Company at Milwaukee, Wis., has been 
appointed engineer-in-charge of the trans- 
former division. Mr. Hill was born at Toms 
River, N. J., March 8, 1899, and received 
the degree of electrical engineer from Cor- 
nell University in 1922. During the period 
1920-22 he served as an instructor at the 
university, and following graduation ac- 
cepted the position of design engineer in the 
transformer engineering department of the 
Westinghouse Electric & Manufacturing 
Company. In 1928 he became manager of 
the transformer division of the American 
Brown Boveri Electric Corporation at 
Camden, N. J., having charge of engineering 
and sales for the division. This company 
was absorbed by Allis-Chalmers Manu: 
facturing Company in 1931, at which time 
Mr. Hill was made assistant engineer in 
charge of transformer design. Recently Mr. 
Hill was appointed vice-chairman of the 
national convention committee preparing 
for the 1987 summer convention of the 
Institute at Milwaukee. 


ABE TiLLEs (A’30, M’36) instructor ir 
electrical engineering at the University o 
California, Berkeley, has been awarded th 
Alfred Noble Prize for 1936, as reportec 
elsewhere in this issue. The award wa 
made for his paper ‘Spark Lag of th 
Sphere Gap,” which was presented at th 
AIEE Pacific Coast convention, Augus 
27-30, 1935. Doctor Tilles was born a 
New York, "N: Y.,. March 10)" 1907.55i 
1928 he received the degree of bachelor o 
science in mechanical engineering an 
electrical engineering with highest honor 
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ym the University of California. In 1932 
received the degree of master of science 
electrical engineering, and in 1934 that of 
ctor of philosophy in electrical engineer- 
x. During the period 1928-30 he was 
ployed in the testing laboratories of the 
ireau of Power and Light, Los Angeles, 
if., and in 1930 was for a time engaged 
work for the testing and research labora- 
ries of the California State Division of 
ghways at Sacramento before joining the 
sulty of the University of California as an 
sociate. He was appointed instructor in 
33, specializing in electric power trans- 
ssion and telephone transmission lines and 
uusmission networks. Doctor Tilles re- 
ived the annual best paper prize of the 
cific District at the 1986 AIEE summer 
nvention for the same paper for which he 
w receives the Noble prize. He is coun- 
lor of the University of California Branch, 
da member of Eta Kappa Nu and Sigma 
i. 


Roscoz SCHAEFFER (A’32, M’36) for- 
erly resident electrical engineer for the 
yllesby Engineering and Management 
poration, Oklahoma City, Okla., has 
en transferred to the Oklahoma Gas and 
ectric Company, Oklahoma City, as 
perintendent of engineering of that 
mpany. Mr. Schaeffer was born at 
idilow, Ill., in 1892, and was graduated 
9m Iowa State College in 1915, with the 
gree of bachelor of science in electrical 
gineering. Upon graduation he served 
iefly as assistant superintendent of a 
1all municipal power plant before entering 
e employ of the General Electric Com- 
ny, Schenectady, N. Y., in 1916, serving 
st as a test engineer and subsequently as 
assistant foreman and an assistant to 
e electrical superintendent of the Sche- 
ctady works of that company. In 1919 
r. Schaeffer accepted a position as 
sistant engineer on standards with the 
amy Electric Company, Anderson, Ind., 
lere he remained for one year before 
iliating himself with the William A. 
iehr Company, Chicago, Ill., as resident 
gineer in charge of transmission-line con- 
tuction at Ada, Okla. In 1923 he became 
sistant to the construction superintendent 
the Oklahoma Gas and Electric Company, 
d later was made assistant to the general 
perintendent of operation of that company 
fore being transferred to the Byllesby 
iwineering and Management Corporation 
1926. 


C. G. Vernotr (A’28, M’34) electrical 
zineer, Westinghouse Electric & Manu- 
turing Company, Springfield, Mass., has 
eived honorable mention in connection 
th the selection by Eta Kappa Nu, hon- 
iry electrical engineering society, of 
qerica’s outstanding young electrical en- 
leer for 1936 (see page 193). Mr. Veinott 
s born at Somerville, Mass., February 15, 
)5, and received the degree of bachelor of 
ence in electrical engineering from the 
liversity of Vermont in 1926. He then 
ered the student course of the Westing- 
use company at East Pittsburgh, Pa., and 
ce then has been engaged chiefly with the 
yblems of rotating machinery, making 
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notable contributions. He was transferred 
to the small-motor engineering department 
at Springfield in 1929, and has been asso- 
ciated with the development of new methods 
of analysis of losses in single-phase motors, 
noise prevention studies, and new means of 
calculating single phase and polyphase in- 
duction motors. Mr. Veinott holds patents 
for disk-type thermostatic protection of 
motors, and has actively participated in the 
design and development of fractional-horse- 
power motors. Recently he was appointed 
to have charge of sales and engineering on 
all fractional-horsepower motors for fans 
and blowers. Mr. Veinott is the author of a 
number of papers, some of which have been 
presented to the Institute. He has been a 
member of the Institute’s electrical ma- 
chinery committee since 1934, and has been 
active in the work of the Springfield Section, 
of which he is now chairman. 


J. M. Topp (M’32) consulting electrical 
engineer, New Orleans, La., has been elected 
a vice-president of The American Society of 
Mechanical Engineers for the year 1936-37. 
He was born at Franklin, La., May 25, 
1896, and received the degrees of bachelor of 
engineering (1918) and mechanical engineer 
(1930) from Tulane University. He served 
(1918-19) as a lieutenant in the U.S. Army, 
seeing service in England and France, and in 
1919 became chief engineer of the Marrero, 
La., plant of Penick and Ford, Inc. From 
1921 to 1928 he was associated as assistant 
engineer with A. M. Lockert & Company, 
mechanical engineering contractors in New 
Orleans. He has since been retained 
as consultant in mechanical and electrical 
problems by the Orleans Parish School Board, 
the Board of State Engineers, the city of 
New Orleans, and Tulane University. Mr. 
Todd has been a member of the Institute’s 
membership committee since 1935, and is a 
past-president of the Louisiana Engineering 
Society. 


A. C. SELETzKY (A’29, M’85) assistant 
professor of electrical engineering, Case 
School of Applied Science, Cleveland, Ohio, 
has received honorable mention in connec- 
tion with the selection by Eta Kappa Nu, 
honorary electrical engineering society, of 
America’s outstanding young electrical en- 
gineer for 1936 (see page 193). Doctor 
Seletzky was born at Novostavtzy, Volynia, 
Russia, May 29, 1905. In 1927 he received 
the degree of bachelor of engineering and in 
1930 that of doctor of engineering from The 
Johns Hopkins University, and in the latter 
year became an instructor in electrical en- 
gineering at Case School of Applied Science. 
He was made assistant professor in 1938. 
Doctor Seletzky is noted for his research 
work, which ranges from new analyses of 
various types of electric circuits and bridges 
to methods of magnetic analysis, thermion- 
ics, power transmission circuits, and a-c cir- 
cuit theory. Doctor Seletzky is a second 
lieutenant in the Ordnance Reserve of the 
U.S. Army and has worked at Watertown 
Arsenal. He is the author of a number of 
AIEE papers and of papers published by the 
Franklin Institute. Since 1933 he has beer 
a member of the AIEE committee on instru- 
ments and measurements, and is now serv- 
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ing as counselor of the Branch at Case 
School of Applied Science and as chairman 
of the membership committee of the Cleve- 
land Section. 


E. W. BursBank (A’25, M’30) district 
manager, Allis-Chalmers Manufacturing 
Company, Dallas, Texas, has been elected 
a manager of The American Society of Me- 
chanical Engineers for the year 1936-37. 
He was born at Sunbury, Ohio, February 15, 
1889, and received the degree of bachelor of 
engineering from Tulane University in 1911. 
He then entered the employ of the Allis- 
Chalmers company as a student apprentice. 
Between 1913 and 1916 he was engaged in 
the experimental design and development of 
hydraulic machinery and in conducting ex- 
tensive tests on this type of equipment. In 
1916 he was transferred to the sales depart- 
ment and was sent to New Orleans, La., as 
sales engineer becoming district manager at 
Dallas 5 years later. He is a member of the 
American Petroleum Institute and the Dal- 
las Technical Club. 


P. L. Beviascni (A’29, M’34) section 
engineer in charge of transformer engineer- 
ing, Westinghouse Electric & Manufactur- 
ing Company, Sharon, Pa., has received 
honorable mention in connection with the 
selection by Eta Kappa Nu, honorary elec- 
trical engineering society, of America’s out- 
standing young electrical engineer for 1936 
(see page 193). Mr. Bellaschi was born at 
Piedmont, Italy, February, 13, 1903, and 
came to the United States with his parents 
in 1913. In 1926 he received the degree of 
bachelor of science in electrical engineering 
from Massachusetts Institute of Technology 
and, following a year in the Westinghouse 
student course, received the degree of master 
of science in electrical engineering in 1928. 
Since that time he has been with the West- 
inghouse company in various capacities. 
Mr. Bellaschi is well known for his work in 
the field of lightning investigation, and has 
made many important contributions and 
discoveries. Many papers based on his re- 
searches have been published, both in the 
United States and in Europe. In 1936 he 
received a Westinghouse award of merit in 
recognition of his work in high-voltage re- 
search. Mr. Bellaschi has been active on 
the committees of the Sharon Section of the 
Institute. He is a member of the Associa- 
zione Elettrotecnica Italiana. 


G. H. Dunstan (A’28) formerly assistant 
professor of general engineering at the 
University of Southern California, Los 
Angeles, now is enrolled as a graduate 
student at the University of Iowa, Iowa 
City. Mr. Dunstan is specializing in hy- 
draulic engineering. 


VINCENT Hackett (A’36) student engi- 
neer, General Electric Company, Schenec- 
tady, N. Y., has been transferred to the 
Philadelphia, Pa., works of that company. 


H. J. Massxarw (A’24) formerly with the 
International Paper Company, New York, 
N. Y., now is employed by the Scott Paper 
Company, Chester, Pa. 
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CuaRLesS LeEGrytT Fortescue (A’03 
F’21) consulting transmission engineer, 
Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa., died De- 
cember 4, 1936. Doctor Fortescue was born 
at York Factory, Manitoba, Canada, No- 
vember 7, 1876, and received his earlier edu- 
cation at a private school in England. In 
1898 he received the degree of bachelor of 
science from Queen’s University, Kingston, 
Ont., and in that year joined the Westing- 
house Electric & Manufacturing Company 
as an apprentice. The university conferred 
upon him a doctor’s degree in 1931. From 
1901 to 1918 he was in the transformer engi- 
neering department, and from 1918 to 1926 
he was manager of the porcelain, insulator, 
and transmission engineering department. 
Since 1926 Doctor Fortescue had been con- 
sulting transmission engineer. Perhaps the 
best known of the many contributions to the 
engineering art that are credited to Doctor 
Fortescue is the development of the mathe- 
matical system known as ‘“‘symmetrical co- 
ordinates” or “symmetrical components’”’ 
and application of it to the solution of prob- 
lems involving polyphase systems. For this 
work he was awarded the gold medal of the 
Franklin Institute in 1931. Other fields of 
his work were studies of stability and light- 
ning protection. Doctor Fortescue also is 
credited with many improvements in trans- 
former design, advancement of the art of 
measurement of high voltage by the sphere 
spark gap, development of basic principles 
for the form and proportions of insulating 
surfaces, and contributions to the design of 
transmission systems, receiving nearly 200 
patents. He is said to have developed the 
first commercial 100,000-volt transformer, 
and advanced the theory that direct strokes 
were the cause of trouble on transmission 
lines. Many papers on various subjects 
were presented by him before the Institute, 
and others were published elsewhere. Doc- 
tor Fortescue had been a member of the In- 
stitute’s committee on power transmission 
and distribution since 1932, serving pre- 
viously from 1925 to 1929. He also had been 
a member of the committees on telegraphy 
and telephony (now communication) 1914— 
17, and electrophysics 1916-17 and 1920-31. 


CLINTON JESSE AXTELL (A’09, M’30) as- 
sistant engineer of the control division, 
transportation engineering department of 
the General Electric Company, Erie, Pa., 
died October 16, 1936. He was born at 
Axtell, Kans., April 4, 1883, and was gradu- 
ated from Kansas State College in 1904. 
For a short time he was employed by the 
Jackson (Mich.) Light and Power Company, 
then entered the testing department of the 
General Electric Company at Lynn, Mass. 
In 1907 he was transferred to Schenectady, 
N. Y., remaining until1910. Between 1910 
and 1913 he was employed by the Common- 
wealth Power Company of Michigan, the 
International Railway Company, Buffalo, 
N. Y., and the Cleveland (Ohio) Railway 
Company. He then returned to the General 
Electric Company in the railway depart- 
ment division, becoming assistant engineer 
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of the division in 1980. He made many im- 
portant contributions to the development of 
railway equipment and was an authority on 
electric control for all types of transporta- 
tion vehicles including ships and naval 
equipment. 


A. W. RuSSELL (A’31) chief engineer of 
the Hollywood mill, Buckeye Cotton Oil 
Company, Memphis, Tenn., died recently 
according to word just received at Institute 
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headquarters. Mr. Russell was born Dj 
cember 22, 1876, at Little Rock, At 
During the period 1910-19 he was chi 
engineer of the Little Rock (Ark.) Railwz 
and Electric Company. In 1923 he wa 
appointed chief engineer of the Nationg 
Cotton Seed Products Corporation, wher 
he remained until he entered the emplo 
of the Buckeye Cotton Oil Company i 
1929, as supervisor of power in the Men 


pointed chief engineer of the Hollywoot 
mill in 1933. 


Recommended 
for Transfer 


The board of examiners, at its meeting on 
December 2, 1936, recommended the following 
members for transfer to the grade of membership 
indicated. Any objection to these transfers should 
be filed at once with the national secretary. 


To Grade of Fellow 


Bennett, C. E., electrical engineer, Federal Power 
Commission, Washington, D, C. 

Bossard, G. L., president and director of engi- 
neering research, General Kontrolar Company 
Inc., Dayton, Ohio. 

Lane, F. H., manager, engineering and construc- 
tion, Byllesby Engineering and Management 
Corporation, Chicago, III. 

MacNaughton, A. K., supervising engineer, The 
Commonwealth and Southern Corporation of 
New York, Birmingham, Ala. 

Watson, A. E., associate professor of electrical 
engineering emeritus, Brown University, 
Providence, R. I. 

5 to Grade of Fellow 


To Grade of Member 


Beck, Lester E., assistant professor of electrical 
engineering, Purdue University, West Lafay- 
ette, Ind. 

Bodicky, A., underground engineer, Union Electric 
Light and Power Company, St. Louis, Mo. 
Brady, G. B., assistant division superintendent, 
Oklahoma Gas and Electric Company, Enid, 

Okla. 

Dueland, R., electrical engineer, Parsons, Klapp, 
Brinckerhoff and Douglas, New York, N. Y. 

Dutton, T. D., district plant engineer, American 
Telephone and Telegraph Company, Wash- 
ington, D. C 

Gerell, G. W., relay engineer, Union Electric Light 
and Power Company, St. Louis, Mo. 

Hoyle, E. R., electrical engineer, Sinclair Oil and 
Refining ‘Company, Houston, Texas. 

Musgrove, A. M., Jr., assistant engineer, Public 
Service Electric and Gas Company, Engle- 
wood, N. J. 

Nuttall, A., electrical engineer, Trinidad Lease- 
holds Ltd., Pointe-a-Pierre, B. W. I. 

Stone, E. W., assistant superintendent, electric 
testing department, Central Illinois Light 
Company, Peoria, Ill. 

Talley, T. J., 3rd, technical employee, American 
Telephone and Telegraph Company, Phila- 
delphia, Pa. 

Watts, F. W., vice-president, United Electric Con- 
trols Corporation, Hoboken, N. J. 

Weiser, R. G., assistant engineer, Brooklyn Edison 
Company, Brooklyn, N. Y 

13 to Grade of Member 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. If the applicant has ap- 
plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the na- 
tional secretary before Jan. 31, 1937, or March 31, 
1937, if the applicant resides outside of the United 
States or Canada. 


Allen, R. T., Jr., Consumers Power Company, 
Jackson, Mich. 


News 


} 


Andrews, N. R. (Member), National Sugar Refinin; 
Company of New Jersey, Long Island City 


Aswietone: D. K., Union Oil Company, Oleum 


Armstrong, H. R., Detroit (Mich.) Edison Company 

Barrow, L. G. (Member), Brooklyn (N. Y.) Edi: 
Company, Inc. j 

Behar, M. F. deM., (Member), Instruments Pub 
lishing Co. Pittsburg, Pa. 7 

Bose, C. C. (Member), Indiana Bell Telephon 
Company, Indianapolis. i) 

Bowen, R. E., Jr., City Light & Water Division 
Memphis, Tenn. 

Brandt, tT F. , (Member), Ohio Brass Co. Barbert 

Campbell, Ss "M., Cleveland Electric Tiiuminatia 
Company, Ohio. 

Capel, C. C., Indiana Bell Telephone Compail 
Indianapolis. ] 

Dausman, O. D., Indiana Bell Telephone Company 
Indianapolis. 

Denison, H. C., Oklahoma Gas and Electric Com 
pany, Oklahoma City. 

Diout ee R. American Fel. & Tel. Co., New York 


Dotterweich, W. A. (Member), Consumers Powe 
Company, Jackson, Mich. 

Dunnewold, L. J., Indiana Bell Telephone Com 
pany, Indianapolis. \ 

Dublin, M., Depa eee of Docks, North Rivg 
New York, N. 

alice keke Grenier, Bendix Products Corpore 
tion, South Bend, 

Ferguson, B. CMe 319 Homebuilders Bldg 
Phoenix, Ariz. 

Foster, C. D., Portland (Ore.) General Blectri 
Company. 

Green, I. V., Indiana Bell Telephone Company 
Indianapolis. 
Griffith, H. D., Westinghouse Electric & Manu 
facturing Company, Springfield, Mass. 
Gruenberg, A. T., Gruenberg Elec. Co. Inc., Net 
Vorke Neve } 

Heathman, E. J., Southwestern Bell Telephon 
Company, Bristow, Okla. 

Henson, C. A., Pacific Gas and Electric Company 
Sacramento, Calif. 

Hyland, G. A., Westinghouse Electric and Manufac 
turing Company, Wilkes Barre, Pa. 

Jack, C. R., 715 S. W. King Ave., Portland ,Ore 

Johnson, J. E., Philadelphia (Pa.) Electric Com 


pany. 

Johnson, W. C., Allis Chalmers Manufacturin: 
Company, Chattanooga, Tenn, 

Jones, D. J. (Member), Vapor Car Heating Com 
pany, Chicago, Tl. 

Kanouse, E. L., Los Angeles (Calif.) Bureau o 
Power & Light. 

Killoran, J. M., The Cleveland (Ohio) Electri 
Illuminating Company. 

Langhauser, G. E. (Member), New York an 
Queens Hiecuic Light and Power Company 
Flushing, N 

Larlee, D. H., Tasokioe (N. Y.) Union Gas Com 
pany. 

Langhus, L., Cenral Electric and Telephone Com 
pany, Sioux City, Ia. 

Lehman, A. J., Freeport Sulphur Company, Free 
port, Texas. 

Lincks, G. F., General Electric Company, Pittsfiele 
Mass 

Linders, ifs R., Cleveland Electric Illuminatil 
Company, Ohio. 

Linke, H. M., Spruce Falls Power and Paper Con 
pany Ltd., Kapuskasing, Can 

Low, A. A. (Member), Beeokigan (N. Y.) Ediso 
Co. Inc. 

Mancib, A. S. (Member), Weston Electric Institut 
Corporation, West Somerville, Mass. 

Markus, H. F., Arsenal Technical Schools, I1 
dianapolis, Ind. 

Mascaro, W. O., Atlantic Refining Compan: 
Philadelphia, Pa. 
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Dowell, J. 
Dallas, Tex. 
rer, J. TD, General Laminated Products Inc., 
New York, INE. YY: 

rer, J. M., Meyer Instrument Company, San 
Francisco, Calif. 

ody, W. Ss, General Electric Company, Sche- 
nectady, N. Ne 

shlig, R. E., Westinghouse Electric & Manu- 
facturing Company, Boston, Mass. 

rien, E. W. (Member), Southern Power Journal, 
Atlanta, Ga. 

ker, W., 1826 E. 82nd St., Cleveland, Ohio. 
erly, W. J., Phelps Dodge Copper Products 
Corporation, Detroit, Mich. 

soneus, L. H., Puget Sound Power and Light 
Company, Seattle, Wash. 

son, W. H., Croft Place, R. F. D. 3, Hunting- 
ton, L. I., N. Y. 

ers, C. F., C. F. Powers Company, Cleveland, 
Ohio. 

eeuw, E. J., Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. 

ero, A. (Member), New York (N. Y.) Edison 
Company. 

inson, W. F., Pacific Telephone and Telegraph 
Company, Portland, R 

kwell, F. H., United Light and Power Engi- 
neering and. Construction Company, Kansas 
City, Mo. 

al, A. B., Louis-Allis Company, Milwaukee, 


A., Sherwin Williams Company, 


Wis. 

ot S. S., Department of Parks, Bronx, 
ions, A. P. (Member), Southern California 
Edison Company, Ltd., Los Angeles, Calif. 
pherd, R. H., R. H. Shepherd Company, 
Vancouver, Can. 

wden, W. H., Electrical West, 
Calif. 


San Francisco, 


—y 


Mgineering 


Stahl, C. D., Oklahoma Gas and Electric Com- 
pany, Ardmore. 

Stanley, L. L., Klein & Saks, New York, N. Y. 

Steinback, E. T., Homestake Mining Company, 
Lead, S. D. 

Stinchcomb, L. M. (Member), H. B. Sherman 
Manufacturing Company, Battle Creek, Mich. 

Stokien, A., Brooklyn (N. Y.) Edison Company, 


Inc. 

Swenson, C. R., Indiana Bell Telephone Company, 
Indianapolis. 

Taylor, A. Y., Rural Electrification Administration, 
Washington, D. C 

Thompson, J, K., France Manufacturing Company, 
Cleveland, Ohio. 

Uphouse, W. F. (Member), Southwestern Bell Tele- 
phone Co. St. Louis, Mo. 

Waag, H. B., North Eastern Coustruction Co. New 
York, N. Y. 

Wald, S., 2715 Webb Avenue, New York, N. Y. 

Williams, H. F., Bussmann Manufacturing Com- 
pany, St. Louis, Mo. 

Williams, N. W., CCC-SCS Iowa No. 18, Clariton, 
Iowa. 

Wood, A. H., Virginia Electric and Power Com- 
pany, Richmond, Va. 

77 Domestic 


Foreign 


Lucas, F. N., Bardez Elec. Supply Co. Ltd., Ma- 
puca, Bardez Goa, Portuguese India. 

Robinson, J. E. L. (Member), Ferranti Ltd., 
Hollinwood, Lancashire, England. 

Simmonds, J. C., University College, Nottingham, 
Eng. 

Sreenivasaiengar, M., International General Elec- 
tric Company (India) Ltd., Bombay, India. 

4 Foreign 


iwterature 


2>w Books 
n the Societies Library 


mong the new books received at the Engi- 
ing Societies Library, New York, recently, 
the following which have been selected be- 
e of their possible interest to the electrical 
meer. Unless otherwise specified, books listed 
> been presented gratis by the publishers. The 
itute assumes no responsibility for statements 
e in the following outlines, information for 
wh is taken from the preface of the book in 
tion. 


SIENTIFIC BASIS OF ILLUMINATING 
SINEERING. (Electrical Engineering Texts). 
P. Moon. N. Y. and Lond., McGraw-Hill 
k Company, 1936. 608 p., illustrated 10x6 
sloth, $5.00. A textbook on the engineering of 
ing. Presents the details of current practice 
a thorough treatment of the scientific funda- 
tals. The text is based on courses at the 
sachusetts Institute of Technology. 


ie SCHLAUCHELEKTRODE zur LICHT- 
s-ENSCHWEISSUNG von KUPFER. By 
Lessel. Berlin, VDI-Verlag, 1936. (57 -p., 
‘rated, 8x6 in., paper, 3.80 cm. Describes a 
process for arc welding copper for which 
ral important advantages are claimed. 


ADIO AMATEUR’S HANDBOOK. 14th 
American Radio Relay League, West Hart- 
Conn., 1936. 536 p., illustrated, 10x7 in., 
r, $l. 00 in U.S. A.; cloth, $2.50 in all countries. 
ference book for amateurs, intended to provide 
rate information on the practical design and 
rruction of sending and receiving apparatus 
she operation of amateur radio stations. 


RINCIPLES of ELECTRICAL ENGINEER- 
, Theory and Practice. By G. C. Blalock. 
- N. Y. and Lond., McGraw-Hill Book Com- 
, 1936. 584 p., illustrated, 9x6 in., cloth, 
). Provides a course in electrical theory and 
ice adapted to the needs of students who are 
uring for work as civil, mechanical, or chemical 
leers, but it may also be used by students 
sctrical engineering as]an introduction. 


eat Britain. Mines Dept. REPORT OF 
f. ELECTRICAL INSPECTOR of MINES 
he Year 1935. London, His Majesty’s Sta- 
ry Office, 1936. 78 p., illustrated, 10x6 in., 

(obtainable in British Library of Informa- 
New York, $0.45). | Presents statistics upon 
ise of electrical mining machinery and upon 
ccidents resulting from the use of electricity in 
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ELEMENTS of PROBABILITY. By H. Levy 
and L. Roth. Oxford, England, Clarendon Press; 
N. Y., Oxford University Press, 1936. 200 p., 
illustrated, 9x6 in., cloth, $5.00. Presents an 
elementary treatment of the subject and provides a 
detailed criticism of the various self-contained 
theories of probability. 


Das ELEKTRISCHE EISENBAHNWESEN 
der GEGENWART. (Elektrische Bahnen Er- 
ganzungsheft, Jahrgang 1936.) Ed. by W. Wech- 
mann. Berlin, Verlag fiir Sozialpolitik, Wirtschaft 
and Statistik, 1936. 212 p., illustrated, 12x8 in., 
paper, 6 rm. Contains 9 lectures by various au- 
thorities on the electrical railway. 


EINFUHRUNG in die KLASSISCHE ELEK- 
TRODYNAMIK. By J. Fischer. Berlin, Julius 
Springer, 1936. 199 p., illustrated, 10x7 in., 
cloth, 13.80 rm. Presents the classic theory of 
electrodynamics, intended for advanced students. 


BEITRAG zur BERECHNUNG von MAST- 
FUNDAMENTEN. By H. Frohlich. 3 ed. 
Berlin, Wilhelm Ernst and Sohn, 1936. 81 p., 
illustrated, 10x7 in., paper, 7.50 rm. (5.65 rm. in 
U.S.A.). Provides a study of the design of founda- 
tions for the masts and towers of transmission 
lines. 


INDUSTRIAL DUST. By P. Drinker and T. 
Hatch. N. Y. and Lond., McGraw-Hill Book Co., 
1936. 316 p., illus., 9x6 in., cloth, $4.00. Dis- 
cusses the problem of dust control in its relation to 
the health of workmen, and presents methods for 
designing and operating dust-control equipment. 


ENGINEERING ALLOYS, Names, Properties, 


Uses. By N. E. Woldman and A. J. Dornblatt. 
Cleveland, Ohio, American Society for Metals, 
1936. 622 p., tables, 10x6 in., lea., $10.00. 


Contains the trade names, manufacturers, composi- 
tion, properties, and uses of 8,200 engineering alloys. 


ELEMENTS of MECHANICS. By H. A. 
Erikson. 3 ed. N. Y. and Lond., McGraw-Hill 
Book Co., 1936. 269 p., illus., 8x6 in., cloth, 
$2.25. A text based on a course at thé University 
of Minnesota. 


DESCRIPTIVE GEOMETRY PROBLEM 
BOOK. By F. W. Bubb. N. Y., Macmillan Co., 
1936. Diagrs., 8xll in., paper, $1.75. Con- 
tains 300 problems on detachable sheets of white 


paper. 


PUBLIC UTILITY INDUSTRIES. By G. L. 
Wilson, J. M. Herring, and R. B. Eutsler. N. Y. 
and Lond, McGraw-Hill Book Co., 1936. 412 p., 
illus., 9x6 in., cloth, $3.50. Affords a survey of 
the economic, legal, and social characteristics of 
public utility enterprises. 


News 


TEXTBOOK of ILLUM.NATION. By 
Kunerth. 2 ed. N. Y., J. Wiley and Sons, 1936 
276 p., illus., 10x6 in. lea., $3.00. A short course 
in illumination, intended for undergraduates. 


TELEVISION with CATHODE RAYS. By 

. H. Halloran. San Francisco, Pacific Radio 
Publishing Co., 1936. Illus., 7x5 in., lea., $2.75. 
The operating principles of the cathode-ray tube 
and its application to television are explained in 
terms that can be understood by the amateur radio 
operator and radio service man. 


PHYSIK und TECHNIK der ULTRAKURZEN 
WELLEN, v. 2. By H. E. Hollmann. Berlin, 
Julius Springer, 1936. 306 p., illus., 9x6 in., 
cloth, 33 rm. Describes the practical applications 
of ultra-short waves, and discusses reception, detec- 
tion, and transmission. 


INDUCTIVE CO-ORDINATION of ELEC- 
TRIC POWER and COMMUNICATION CIR- 


CUITS. By L. J. Corbett. San Francisco, J. H. 
Neblett Pressroom Ltd., 500 Sansome St., 1936. 
161 p., illus., 9x6 in., cloth, $3.00. Discusses 


the factors involved and suggests methods by which 
detrimental effects can be remedied. Written 
from the point of view of the power engineer, but 
considers the problems of the communication engi- 
neer also. 


HEAVISIDE’S OPERATIONAL CALCULUS, 
as applied to Engineering and Physics. (Electrical 
Engineering Texts.) By E. J. Berg. 2ed. N.Y. 
and Lond., McGraw-Hill Book Co., 1936. 258 
p., illus., 8x6 in., cloth, $3.00. Contains ap- 
pendices in which various numerical problems are 
solved. Additional information on the theory of 
the use of the ‘‘unit function’’ is given. 


Der ERDSCHLUSS in HOCHSPANNUNGS- 
NETZEN. By H. Weber. Munich and Berlin, 
R. Oldenbourg, 1936. 107 p., illus., 10x7 in., 
paper, 5.80 rm. Discusses the phenomena ac- 
companying grounds in 3-phase distribution sys- 
tems and the methods of preventing them. In- 
tended for operating engineers and students. 


ELEKTROTECHNIK 
By U. Retzow. Berlin, Julius Springer, 1936. 
121 p., 9x6 in., paper, 6.60 rm. Discusses the 
effects of weather in electrical engineering, includ- 
ing the influence of meteorological elements on 
overhead lines, the use of wind for generating elec- 
tricity, influence of altitude on power stations, and 
disturbances of radio transmission. 


und WITTERUNG. 


Die ELEKTRISCHE KRAFTUBERTRAG- 
UNG, v. 3, pt. 1. Bau und Betrieb des Kraft- 
werkes. By H. Kyser. 3 ed. Berlin, Julius 
Springer, 1936. 573 p., illus., 10x6 in., cloth, 
5 rm. Devoted to the mechanical equipment of 
electric power plants from a practical point of view 
for the designer and operator. 


ELECTRONICS and ELECTRON TUBES. 
By E. D. McArthur. N. Y., John Wiley and Sons, 
1936. 173 p., illus, 9x6 in., $2.50. Describes 
the fundamental principles governing the action of 

all electron tubes; mathematics is used sparingly. 
‘A chapter is devoted to electron tube construction. 
Much of the book has appeared serially in the 
General Electric Review. 


ELECTRICAL LABORATORY EXPERI- 
MENTS, Theory and Practice. By V. Karapetoff 
and B. C. Dennison. N.Y., John Wiley and Sons, 
1936. 487 p., illus. 9x6 in., lea., $4.00. An 
abridgment of Karapetoff’s “Experimental Elec- 
trical Engineering,’’ prepared to meet the demand 
for a less comprehensive book with the same general 
method of treatment but better adapted to the 
average undergraduate course. 


Engineering Societies Library 
929 West 39th Street, New York, N. Y. 


AINTAINED as a public reference library 

of engineering and the allied sciences, this 
library is a cooperative activity of the national 
societies of civil, electrical, mechanical, and min- 
ing engineers. 


Resources of the library are available also 
to those unable to visit it in person. Lists of 
references, copies or translation of articles, 
and similar assistance may be obtained upon 
written application, subject only to charges suffi- 
cient to cover the cost of the work required. 


A collection of modern technical books is 
available to any member residing in North Amer- 
ica at a rental rate of five cents per day per 
volume, plus transportation charges. 


Many other services are obtsinable and an 
inquiry to the director of the library will bring 
information concerning them. 
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Corning Glass Expands.—To meet the in- 
creased production demands, plant facilities 
of the fibre products division of the Corning 
Glass Works are being enlarged, and work 
is well under way in the erection of 3 new 
buildings having a total area of 46,000 sq. ft. 
L. W. W. Morrow, formerly editor of the 
“Electrical World,’’ was recently appointed 
general manager of this division. Principal 
applications of the new glass fibre include 
building insulation, refrigerator linings and 
air conditioning filters. Potential markets 
include wire and cable covering and innu- 
merable textile applications to which an in- 
organic thread or cloth made of glass can be 
applied. The new glass cloth is heat re- 
sistant, waterproof, and non-corroding. 


Copperweld Appointment.—Roy C. Raasch 
has recently been appointed field representa- 
tive for the Copperweld Steel Co., with 
headquarters at Chicago, Ill. For the past 
few years he has been in the engineering 
department of a large utility company. 


Tower Order to Blaw-Knox.—According to 
a recent announcement, the Blaw-Knox 
Co., Pittsburgh, Pa., has received an order 
for approximately 2000 tons of transmission 
towers (which will number about 250) for a 
220,000 volt line of the Pennsylvania Water 
& Power Co. of Baltimore. 


New Connector.—Burndy Engineering Co., 
Inc., New York City, has announced an ad- 
dition to their line of grounding connectors 
“Groundem,” type GH. This low-cost con- 
nector is for use in joining a ground lead toa 
driven rod or pipe. Its construction per- 
mits it to be slipped over the top of the rod 
as a one-piece assembly, or, in the event 
that the rod or pipe has been splayed from 
driving, it may be readily disassembled and 
slipped around the conductors. The 
Groundem is constructed entirely of non- 
corrosive copper alloys, making it resistant 
to underground conditions. It is installed 
with an ordinary wrench and is made in 
three sizes, each of which will take a range 
of rod and wire diameters. 


Pacific Electric Now Home Owned.—Ac- 
cording to a recent announcement, the in- 
terest of the General Electric Co. in the 
Pacific Electric Manufacturing Corp., has 
been purchased by Joseph S. Thompson, 
president of the latter company. Some 
eight years ago General Electric secured a 
virtual half interest in the west coast com- 
pany, but with the sale of the stock the latter 
is now an entirely independent organization. 
It operates a factory occupying two city 
blocks in San Francisco and a small branch 
maintenance and storage plant at Gary, 
Ind. Incorporated in 1906, it is engaged in 
the manufacture of high voltage air break 
switches, oil circuit breakers, high voltage 
fuses and kindred apparatus. 


Calculating Board Kept Busy.—With in- 
creasing loads racing toward the capacity 
of equipment, many power companies find 
it necessary to solve quickly new generation 
and distribution problems. Five companies 
wishing to determine accurately the added 
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power needed and the load limits and sta- 
bility of their systems have recently engaged 
the Westinghouse a-c calculating board to 
analyze their problems. During the past 
year eighteen major system studies, in- 
volving plants up to 500,000 kva capacity, 
have been completed on this uniquely eff- 
cient board. These systems included eight 
utilities, six government projects, two indus- 
trial plants and two foreign power systems. 
This is the largest a-c calculating board built 
to date, and with its 300 circuits it can read- 
ily duplicate, by miniature replica, any 
power system in this country. With its 
aid, system stability, power factor correc- 
tion, load-voltage regulation studies and the 
best location for new generating, trans- 
former and line equipment are readily de- 
termined. 


Trade Literature 


Distribution Capacitors.—Bulletin 3381, 16 
pp. Describes the use of ‘‘Permittors’’ 
(capacitors) for power factor correction in 
distribution circuits. Products Protection 
Corp., New Haven, Conn. 


Meters.—Catalog Sec. 42-210, 16 pp. De- 
scribes various types of polyphase detach- 
able meters, applications, construction, 
operation, adjustment, outline dimensions 
and wiring diagrams. Westinghouse Elec- 
tric & Mfg. Co., E. Pittsburgh, Pa. 


Stopwatches.—Folder. Describes and illus- 
trates 40 different types of stopwatches for 
industrial and laboratory use. Circular 
describes stopwatch repair service. A. R. 
& J. E. Meylan, 268 W. 40th St., New York. 


Motor Repair Supplies.—Catalog 49, 48 
pp. Describes insulation, wire, tools and 
supplies for the motor repair shop. Prices 
are included. Reading Electric Co., 227 W. 
Van Buren St., Chicago, Ill. 


Circuit Breakers.—Bulletin GEA-2450, 4 
pp. Describes type AE-1 air circuit break- 
ers for industrial and central station auxili- 
ary service; 250 volts d-c; 600 volts a-c; 
15-600 amperes, 20,000 amperes interrupt- 


ing rating. General Electric Co., Schenec- 
tady, N. Y. 
Measuring Instruments.—Catalog-type 


broadside ‘‘Power Plant Measuring Instru- 
ments, Telemeters, and Automatic Con- 
trols.”” Specific applications are illustrated 
in electrical generation and transmission, 
steam generation and distribution, hydro- 
and diesel power generation, in which the 
equipment is used. Leeds & Northrup Co., 
4962 Stenton Ave., Philadelphia, Pa. 


Oilostatic Transmission System.—Bulletin, 
16 pp. Describes the Bennett Oilostatic 
transmission system, in which the insulated 
power cables are installed in buried metal 


pipe filled with oil maintained under a of | 
stant high pressure. Includes details gf 
construction, cable design, cable spliceg 
terminals, pressure maintaining equipmen| 

etc., as well as a detailed outline of all imi 
formation required to make a study of a 

Oilostatic application. The Okonite- 
lender Cable Co., Paterson, N. J. 


Monel Metal.—Bulletin, 48 pp. The pub 
lication has been prepared primarily 4g} 
a guide book to Monel and other non-ferroy 
nickel alloys in the fields of engineering 
plications. It also covers the corrosion r 
sistance and other properties of these met: 
Twenty sub-divisions are included, each d 
voted to specific problems in fields from 
droelectric and steam power plants to h 
way maintenance, refrigeration and a 
mobiles. The booklet also describes som 
of the newer forms of the alloy, includir 
“K” and ‘S’ Monel, ete. International | 
Nickel Co., 67 Wall St., New York City 


Synchronous Motors.—Bulletin 1154A, 
pp. Describes the construction and appli 
cations of modern, coupled and engine-t De 
synchronous motors that may now be ob 
tained with torque characteristics suitable 
for practically any drive, fifty horse power or 
over, where the squirrel cage induct 
motor could be used. It deals with the 
creasing usage of this type of motor due t 
its uniform high efficiency, at fractiona 
well as at full loads, and at all speeds, t 
gether with its all important function 
power factor correction. Allis-Chalmers 
Mfg. Co., Milwaukee, Wis. , 


Industrial Wiring Survey.—Bulletin, 
pp. This publication has been design 
to facilitate investigation of the condition 
of the electrical equipment and wiring in 
industrial plants from the standpoint of 
ability to carry load, surplus or spare ca- 
pacity, system defects, safety, deterioration 
and obsolescence. It gives the logical pro- 
cedure for making such a survey, provide 
convenient space for recording findings, an 
includes recommendations for plans or pl 
sketches of the existing layout. It 
stated that such a study will disclose 
weaknesses, if any, in the electrical systen 
and become a permanent record for dete! 
mining what parts of the system may 
extended under pressing conditions. An 
conda Wire & Cable Co., 25 Broadway, 
New York City. 7 


New Clip-On Ammeters.—Bulletin, 4 pp. 
Describes a complete new line of dual ran’ 
clip-on ammeters now available. Orig 
nally introduced some 6 years ago, this i 
strument was at first available only in he 
standard 0-100/500 ampere combination. 
Recently additional low and high range 
combinations have been added to the line 
so that it is now stocked in 4 standard 
low range combinations and 38 _ high 
range combinations. With these instru- 
ments it is possible to measure currents 
from 1/5 ampere up to 1,000 amperes with- 
out opening the circuit or shutting down the 
equipment under test, or removing insula- 
tion from the conductors. The inst 
ments are supplied with fully insulated clips 
as well as Bakelite handles and may be 
used with equal safety on insulated or bare 
conductors. Many minor improvements 
have been incorporated in the new lin 
Ferranti Electric, Inc., 30 Rockefelle 
Plaza, New York City. : 
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